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CHAPTER 1

INTRODUCTION

Contributions by

D. Bershader

G.S. Danford

H.J. Freeman

R.A. Freitas Jr.

R.D. Johnson

H.P. Sims, Jr.

J.A. Wise

NASA is contemplating the next logical step

in the U.S. space program -- the permanent

presence of humans in space. As currently

envisioned, the initial system, planned for the

early 1990s, will consist of manned and unmanned

platforms situated primarily in low Earth orbit.

The manned component will most likely be inhabited

by 6-8 crewmembers performing a variety of tasks

such as materials processing, satellite servicing,

and life science experiments. The station thus

has utility in scientific and commercial enter-

prises, in national security, and in the develop-

ment of a0vanced space technology.

The technical foundations for this next step

have been firmly established as a result of

unmanned spacecraft missions to other planets, the

Apollo program, and Skylab. With the shuttle,

NASA inaugurates a new era of frequent flights and

more routine space operations supporting a larger

variety of missions. A permanently manned space

system will enable NASA to expand the scope of its
activities still further.

Since NASA's inception there has been an

intense debate over the relative merits of manned

and unmanned space systems. Despite the generally

higher costs associated with manned components,

astronauts have accomplished numerous essential,

complex tasks in space. The unique human talent

to evaluate and respond inventively to unanti-

cipated events has been crucial in many missions,

and the presence of crews has helped arouse and

sustain public interest in the space program. On

the other hand, the hostile orbital environment

affects astronaut physiology and productivity, is

dangerous, and mandates extensive support systems.

Safety and cost factors require the entire station

complex, both space and ground components, to be

highly automated to free people from mundane

operational chores.

Recent advances in computer technology,

artificial intelligence (AI) and robotics have the

potential to greatly extend space station

operations, offering lower costs and superior

productivity. Extended operations can in turn

enhance critical technologies and contribute to

the competitive economic abilities of the United

States. A high degree of automation and autonomy

may be required to reduce dependence on ground

systems, reduce mission costs, diminish complexity

as perceived by the crew, increase mission life-

time and expand mission versatility. However,

technologies dealing with heavily automated, long-

duration habitable spacecraft have not yet been

thoroughly investigated by NASA (Sagan, 1980).

A highly automated station must amalgamate

the diverse capabilities of people, machines and

computers to yield an efficient system which

capitalizes on unique human characteristics. The

station also must have an initial design which

allows evolution to a larger and more sophisti-

cated space presence. In the early years it is

likely that AI-based subsystems will be used

primarily in an advisory or planning capacity. As

human confidence in automated systems grows and as

technology advances, machines will take on more

critical and interdependent roles. The question

is whether, and how much, system autonomy will
lead to improved station effectiveness.

1.1 Study Objectives

This report describes a study of autonomy in

space and its effective use in an evolving, per-

manent extra-terrestrial human presence. The ten-

week summer workshop was conducted at Stanford

University from June 20 to August 26, 1983 with

the assistance of Ames Research Center. The study

brought together an unusually diverse inter-

disciplinary group of eighteen university pro-

fessors and two graduate students from insti-

tutions throughout the United States, representing

such fields as physics, psychology, chemical and

industrial engineering, urban ecology and

environmental planning, business and management,

anthropology, and computer sciences. The workshop

was sponsored jointly by NASA, through the Office

of Aeronautics and Space Technology (OAST), and

the American Society for Engineering Education as

part of their continuing program of summer faculty

fellowships, and was co-directed by Richard D.

Johnson of NASA/Ames Research Center and by Daniel



BershaderandLarryLelfer of Stanford University.

The workshop sought to generate recommenda-

tions on autonomous systems and human functions as

well as on a space technology program directed

toward symbiotic use of machines and humans. The

study addressed four overall topic areas dealing

with interactions between autonomous machines and

humans for a space station: (I) supervision/

management of autonomous systems, (2) teleopera-

tion of remote systems (telepresence), (3) extra-

vehicular activity, and (4) the human as a

subsystem.

NASA also needs a methodology to assess and

to help assign functions between machine and human

elements on the space station. While for some

functions it will be a question of whether to have

a human or a machine perform the work, it is

likely that symbiotic combinations of these

elements can offer enhanced capability. It Is

therefore desirable to search for human-machine

combinations utilizing the best features of each,

so that synergistic capabilities beyond human or

machine abilities alone can be obtained.

The principal objectives of the 1983 summer

study were to examine the interactions of humans

and highly automated systems in the context of

specific tasks envisioned for the space station,

to search for optimum combinations of humans and

machines, and to develop methodologies for select-

ing human-machine systems.

By the end of the study, workshop partici-

pants concluded that machines will not replace

humans in space and that artificial intelligence

(AI) systems will not have major impact on initial

station design. However, several specific areas
of human-machlne interaction appear promising,

both for increasing station effectiveness and for

reducing ground personnel requirements. There-

fore, study fellows recommend that significant

funding should be directed toward the development

of selected EVA, teleoperator, robotic, and AI

systems, and toward design studies of work-

setting, communication, and organizational factors

In highly automated environments.

All views expressed in this report are due

solely to the workshop participants and do not

necessarily reflect official NASA positions.

Also, as of the publication date of this report,

the Space Station project has been funded and

design considerations have evolved considerably

beyond their status in 1983 at the conclusion of

this study.

1.2 D1menslons of Auton_ for the Space Statlon

As a principle for designing relations among

parts of systems or organizations, autonomy itself

has no intrinsic value. It is important only in-

sofar as it enhances or detracts from effective-

ness. If component or system effectiveness im-

proves as a result of greater autonomy, then more

autonomy would be Judged desirable. Conversely,

increas .-' autonomy which detracts from effective-

ness I_ undesirable. The autonomy issue arises

naturally when parts of a system -- such as the

multicomponent space station -- are physically

distant.

What is autonomy? One operational definition

currently used by NASA engineers is: "The ability

to function as an independent unit or element,

over an extended period of time, performing a

variety of actions necessary to achieve pre-

designated objectives, while responding to stimuli

produced by integrally-contained sensors" (Hodge,

1983). In the broader context of space habita-

tion, exploration, and industry, autonomy refers

to the network of control relationships that

inevitably forms when people and machines are

coupled in a common venture. Autonomy is a

property not of things but rather of the

relatedness of things. Autonomy thus describes

the degree and nature of independence from control

that an entity has with respect to any other in an

organized system.

The autonomy concept is applicable to ele-

ments in any system that performs a task. These

elements may be astronauts, machines, computers,

sensors, or some larger or hlerarchial combination

of components, and each may be either a controlled

object or a source of control for other elements.

A three-dlmensional geometrical model of autonomy

for the space station, incorporating the essential

concept of independence from outside control, was

developed during the workshop to help focus the

research effort (Figure 1.1).

The first dimension of autonomy measures the

locus of control for tasks -- that is, do humans

or computers exercise the controlling intelli-

gence, and to what degree? NASA sometimes equates

autonomy with a machine system in which real-tlme

human control is absent, or with the degree of

technological development of autonomous machines

and the practical applicability of these types of

machines to space. These issues are an important

subset of the comprehensive autonomy concept

developed here.

Along a second dimension of autonomy lies the

allocation of physical _ to humans

or machines. The more done by machines, the more

"automated" the station. For instance, should

humans in EVA suits or mechanical teleoperators

execute a given task? Should monitoring and

control functions be physically performed by

people or by largely computerized systems? How

much automation or machine assistance should be

inserted into work and life on a space station?

The third dimension of autonomy, locale of

control, distinguishes between Earth-based and

space-based control. As control moves outward

into space, the station becomes increasingly

autonomous from the ground. Should the site of a

particular monitoring, supervisory, decision or

control task be in space, on the ground, or some

combinatlon of both? To what degree should the

crew be organizationally autonomous from the

ground?

Figure 1.1 offers a few typical examples of

human-machine work systems in the Control/Per-

formance plane. Unaided human labor (people dir-

ect and perform the work) represents the highest

degree of human autonomy. True robots (self-

guided work performance, using advanced machine

intelligence) represent a high degree of machine

autonomy. The mixed cases are more interesting.

For instance, as humans employ increasingly

complex tools, task performance is gradually

assumed by machines even though the locus of

control remains wlth the human. Teleoperator

systems are an example of machines performing

physical tasks under remote control by humans.

Another mixed case is when humans do a task but

are directed by machines. For example, in a

labor-lntensive assembly llne humans perform

physical labor but the pacing and timing of the

assembly line is frequently computer-controlled.
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1.3 Auton_ Relations in 3p_ee Systems

While a detailed analysis of autonomy models

and theories is beyond the scope of the present

study, the conceptual nature of autonomy was

examined during the workshop. In the context of

space station design, autonomy refers to the

results of the control relationships among people

and machines who join in a common venture.

Autonomy is a property of the relatedness of

things. (Technleally, it may be viewed as the

deviation from restraint of sample element

behaviors chosen statistically in a well-organized

system.) Autonomy thus is a derived rather than a

"primitive" concept. Much as utility arises from

the primitive notion of preference, autonomy is

derived from the primitive notion of control. The

possibility of developing a measure function for

autonomy was briefly considered during the

workshop (see Appendix 6B).

A space system Includes as its elements an

assortment of people, machines, computers, and the

architectural elements that support them. Thls

system extends from the surface of the Earth to

the most distant system component, and from the

present to some moment in the past when a communi-

cation signal was initiated. Signal travel time

induces varying time delays among intercommuni-

cating elements, creating a complexity of com-

ponent control that must be carefully orchestra-

ted. Instrument polntlngs, extravehicular acti-

vities, station reboosts and platform attitude

adjustments must be timed and executed correctly.

Autonomy for each element will be appropriate to

the role of that element in the matrix of overall

system controls, and may be guided by the

hierarchy of autonomies proposed in Appendix 6B

and by the following basic principles.

First, a control hierarchy should be con-

structed such that the most autonomous elements

experience constraints from the bottom up (e.g.,

in the order (3) bounding, (2) prloritizlng, (I)

inclusion/exclusion). The general rationale is to

follow an ease-of-control hypothesis: It is

usually easier to set limits on performance than

to prioritize it or to add/subtract it completely.

People also experience less infringement on

personal freedom when constraints are placed in

this order. For example, when entering a building

through a door one is most willing to learn to

push (or pull) on the handle, less willing to

remember to wipe one's feet before entering, and

least willing to request permission to enter. And

constraining autonomy from the bottom up retains

the greatest amount of unprogrammed system flexi-

bility, thus a broader capability to respond to

unforeseen external disturbances.

Second, the type of control most important

for an element to express should always be

safeguarded by an autonomy type at least one order

higher than the control type. The control source

needs flexibility to maintain control under a

variety of disturbing influences. By exercising

this flexibility through a higher-order autonomy,

the controller is better able to survive situa-

tions that would otherwise circumvent it. While

maintaining a variable within bounded limits, the

controller is aided by the ability to re-sequence

a set of control activities as needed. For

instance, when one overpours sugar into a cup of

coffee, and the coffee becomes too sweet, one can

always dilute it by pouring additional coffee into

the cup.

Third, when coupling two performers to exe-

cute a common task, their respective autonomies

are appropriate if (I) they are coupled only

through their outputs, unless one has a higher-

order autonomy than the other; (2) the output of

any autonomous action of one element does not act

as a constraint on the autonomous actions of the

other, unless one has a higher order of autonomy;

and (3) the constraints placed on the autonomy of

the least autonomous performer are of the lowest

order necessary to complete the Joint performance

requirement.

Humans, robots, and intelligent machines in a

space operations system are related to each other

through the autonomies web of mutual controls they

experience. The workshop study effort, detailed

in the chapters that follow, has focused on how

this web should be organized to enhance perform-

ance and effectiveness of the overall system.

{.4 Organization o_ This Report

Chapter 2 presents tentative space station

specifications, capabilities and mission tasks.

The purpose of this workshop has been to explore

autonomy and its effective use in an expanding

permanent human presence in space, at a very

fundamental level -- not to design a space

station. However, since the station represents

the most likely near-term application of autono_

concepts, this study focuses on pragmatic concerns

rather than elaborating on theory. Consequently,

an appreciation of the space station as currently

envisioned is a prerequisite.

The remainder of the report focuses on the

combination of humans and machines that will be

most effective for the space station, and the

degree to which the station and its crew may be

independent of Earth-based control. Astronauts

will interact with automation and computer systems

at three levels: (I) Machines that work alongside

people, assisting them in their tasks; (2)

machines in the background that support the human

presence in space; and (3) machines, in the form

of the manned base station itself and indeed the

whole station complex, both ground and space

systems, which surround and define the human

presence. On the basis of this perspective,

autonomy and the human element in the context of

the station necessarily involves difficult

questions concerning human-maehlne systems (Chap-

ter 3), the essential nature of information-

intensive monitoring and control activities

(Chapter 4), and space station organizational and

social factors (Chapter 5).

Chapter 3 examines three major types of

haman-machine systems: (_) Manned EVA (extra-

vehicular activity), (2) teleoperation and tele-

presence, and (3) robotics. EVA exhibits the

least machine autonomy, robotics the most. The

characterlstios of each technology are reviewed,

with an examination of the tradeoffs between

potential gains in effectiveness from machine

autonomy and technical feasibility and achievabil-

ity in various time frames. The purpose here is

to outline the characteristics of each technology

and to make recommendations from the standpoint of

autonomy and effectiveness. The chapter concludes

with a brief discussion of several important

aspects of human-machine relationships --

particularly function allocation, tool-uslng in

general, and mutual human-maehlne trust.

Chapter 4 discusses space station monitoring

and control functions. The station requires a



control system unlike any that has flown before,

as well as sophisticated monitoring to assess its

performance, to manipulate its system states

knowledgeably under automatic control, and to

detect and diagnose abnormal conditions. A larger

number of subsystems are planned than for any

previous spacecraft. The discussion of station

monitoring and control follows the three-

dimensional conception of autonomy outlined

earlier. If the station can utilize emerging

artificial intelligence technologies such as

expert and natural language systems, then the full

potential of the human presence on the space

station may be achieved_

Chapter 5 focuses on human, social and

organizational aspects which may significantly

affect station autonomy and effectiveness. This

is a somewhat broader context than earlier

chapters which focused on direct human-machine

interactions in assuring the physical _ntegrity of

the station and in doing work in space, and on

emerging technologies useful In this enterprise.

Factors which most directly impact human

performance are physical setting, interpersonal

communications, and social organizational design.

Effective human performance on the space station

depends upon the maintenance of a healthy behav-

ioral ecology. This intricate web of interrelated

individual, interpersonal, organizational and

setting factors must be carefully balanced if

humans are to realize their full potential in

space.

Chapter 6 addresses three broad methodologi-

cal questions. First, what is the nature of a

space station task that determines whether it is

appropriate for automation? What types of tasks

should be allocated to humans? What combinations

of humans and machines will be most effective?

Second, what are the decision rules for function

allocation between humans and automated systems in

space and on the ground? Third, what are the

decision rules for determining whether a function

can be performed better in space or on the ground?

Several specific techniques are briefly described,

including simple matrix methodology, human-machine

function allocation via expert system, decision

matrices permitting representation ard analysis of

uncertainty, ethnographic methodology using cul-

tural analogs, and trend mapping.

Chapter 7 offers a quick glimpse of the

future. How will the station evolve over the

several decades to come? As greater effectiveness

is sought in the development of space systems,

evolution of station automation should result in a

near-autonomous unit. We can imagine a pro-

gressive development including a "branch station"

in low-Earth orbit for close contact and servicing

of expanding orbital activities, becoming, later,

the hub of a space city. An interesting ecologi-

cal relationship could emerge between LEO and

lunar activities -- the lunar ecology, suffi-

ciently developed for materials, might serve

roughly an analogous relationship to the station

as the farm serves to the city on Earth. A

near-space waystation or departure facility for

manned translunar forays is yet another possi-

bility for far-future stations. The chapter

closes with a fictional "day-in-the-life-of" space

station scenario and a compendium of numerous

proposed design concepts and desirable station

features.

Chapter 8 finishes the report with a brief

series of specific conclusions and recommenda-

tions.
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CHAPTER 2

AUTONOMY IN THE SPACE STATION CONTEXT
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Soon after the formation of NASA, an ad-hoc

study group at Langley Research Center formulated

a strategy for an evolutionary space program to

proceed out of the Project Mercury work (Gilruth

and Strass, 1960). This study sparked a debate

between those advocating a manned moon landing and

those who favored a space station. The early

successes of the Soviet manned space program and

diplomatic tensions doubtless influenced the deci-

sion of President Kennedy to send American

astronauts to the Moon, and return them safely to

Earth, before the end of the decade (Kennedy,

1961; Logsdon, 1970).

Planning for a post-Apollo space station was

revived as the lunar landing program drew to a

close -- an advisory Space Task Group created in

1969 to consider NASA's future formally recommend-

ed a space station and a space transportation

system as major program objectives for the 1970s

(Space Task Group, 1969). However, given the

political demise of the Saturn V program and the

dependency of any future space station program

upon the success of the shuttle (for both launch

and logistical support), NASA in 1970 replaced the

space station with the shuttle as its top priority

program.

By abandoning the Saturn V launch system,

space station architecture became constrained by

shuttle launch capabilities. The original 33-foot

diameter station could have been deployed with a

single Saturn V launch, but the shuttle-deployed

version would require both multiple launches (the

volumetric ratio between Saturn V and shuttle

payloads is about 7:1) and assembly in space. As

a result, NASA was forced to reduce its station

capabilities specifications (Memorandum, 1970;

MSC, 1970). Recently the monumental successes of

the shuttle program have laid a firm foundation

for the establishment of a permanent human pres-

ence in space.

A consensus has emerged among NASA centers

and contractors in current thinking about the

space station (Tilton, 1983). Unlike Skylab, the

space station will be a permanent facility with

its own orbit reboost capability for both orbit

maintenance and orbit adjustment, and a planned

initial llfe span of 20-30 years. If designed to

enable component changeout and upgrading to util-

ize advancing technology, the useful llfe of the

space station could be extended indefinitely.

There has been some discussion about when people

should be introduced into the space station (JSC,

1979; MDAC, 1982; see Appendix 7C), but the

general view is that a continuous human presence

is essential from the outset for a practical oper-

ation. It is believed that the current primitive

state of automation technology (particularly in

robotics, teleoperators and expert systems) would

impose unacceptable constraints upon the mission

capabilities of an early unmanned system. There

is 1_ttle disagreement on the means by which the

space station will be launched, serviced and

maintained. The reusable space shuttle, a cost-

effective ground-to-orblt transportation system,

may serve as the logistleal and personnel support

lifeline for the space station well _nte the next

century.

Representing an "evolutionary" approach, the

space station will, over time, become increasingly

diverse in its function and complex in its con-

figuration. Unlike the biological use of the term

which assumes random mutations, evolutionary

changes in space station architecture will be

anticipated using highly flexible and adaptable

system designs. Station evolution will be intell-

igently managed to ensure systematic technological

upgrading, new roles for users, and new directions

in applications. The space station must be re-

garded as a unique domain with unprecedented

autonomy from ground support for a number of

routine operations. Station crewmembers will

experience increasing autonomy of action as the

human-machine relationship matures and expands in

directions and to a degree only dreamed of by

science fiction writers just a few decades ago.

The space station may serve the needs of

humankind in ways unimaginable by any other avail-

able means. Whether in orbital operations, space

commercialization, space science and applications,

or national security (see below), the station

offers new and diverse exploitable capabilities.

Perhaps after centuries of struggling to solve
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age-old human problems we may find many of the

answers beyond Earth. The space station could

provide the catalyst for our grandest achievements

yet.

2.1 Space Station Description

America's first permanent space station will

be a multi-element dispersed system comprising at

least one inhabitable "core" or base station, plus

unmanned platforms and associated free flyers.

The core will be the most complex if not the

largest component of the space station, due to its

habitability and operations control requirements.

Circling the Earth approximately every 90 minutes

with a 6-8 member mixed crew of NASA and private

sector (commercial or university-based) mission

specialists and astronauts, the station will serve

as the space-based control center for virtually

all operations of the dispersed orbital system.

The station probably will be positioned in LEO at

a 28.5 ° inclination which offers the lowest energy

requirements for a Kennedy Space Center launch.

The facility will monitor, control and service (as

required) a flotilla of unmanned platforms and

free flying satellites in orbits with inclinations

ranging up to polar (90 ° ) and, eventually, out to

geosynchronous range as well.

Actual station physical configurations are

still under discussion, but several general design

concepts and capabilities will likely be incorpor-

ated. The station will be constructed from

prefabricated cylindrical modules carried aloft in

the 15-foot-diameter shuttle cargo bay and assemb-

led in orbit. Modules may be I_.5 feet in dia-

meter and 20-30 feet long, with multiple access

ports at either end and around the circumference

to enable docking in any of several attitude-

stable configurations.

Several functional module types might be

found at the base station (JSC, 1979; MDAC,

1982):

(I) Habitat -- a nonwork module including

individual crewmember space for sleep and privacy,

communal space for dining and socialization, and

recreational space for physical conditioning and

various diversions from work routines;

(2) Sick bay -- a first aid, dispensary, medical

research, and emergency/trauma treatment area with

medical, psychiatric and possibly even security

detention facilities;

(3) Core operations -- the nerve center of the

base station for a variety of internal and exter-

nal communications, operations, and life support

monitoring and control functions (i.e., the

"bridge");

(4) Laboratories -- separate fully equipped life

sciences and materials processing facilities for

basic research, applications, and commercial uses;

(5) Logistics -- a frequently exchanged module

with 3-6 month inventoried expendable supplies and

facilities for food preparation, personal hygiene

and waste management/storage (for return to

Earth); and

(6) Central passageway -- an infrequently

replaced structural spine providing a convenient

communications and energy bus, a plug-ln location

for each cylinder ensuring ready access between

modules and to the shuttle berthing area, and a

"safe haven" if module evacuation becomes neces-

sary during an emergency.

In addition to these modules the station

requires berthing ports for shuttle docking,

external antennae for communications systems, and

a thermal bus analogous to a municipal utility

(Ellis and Rankin, 1983). The exact numbers or

types of module may be adjusted as crew size and

mission complexity changes over time.

System modularity, with its multiple config-

uration options and ready changeout possibilities,

offsets many of the constraints imposed by limited

shuttle payload volumes. Another advantage of

modular components is that the system can evolve

over time, significantly reducing the effects of

technological and mission obsolescence. If modu-

larity is extended into the design of the modules

themselves (e.g., "plug-to-plug" changeout compat-

ibility enabling continuous response to technolog-

ical advance), station components can also remain

state-of-the-art.

The initial station configuration will be

rather spartan, but the ability to replace and add

modules as required permits evolution into an

environment where people can thrive, not Just

survive.

2.2 Space Station Users and Uses

NASA has been studying and proposing a

permanently manned space station as the next

logical step since the late 1950s -- first as a

post-Mercury program (Gilruth and Strass, 1960),

then as a post-Apollo program (Gilruth, 1968), and

now as a post-Shuttle program (JSC, 1979; BAC,

1982; MDAC, 1982). However, in each case one or

more of five essential preconditions to space

station funding (Logsdon, 1982) were missing --

namely, that (I) it must be in the long range

national interest, (2) it cannot be accomplished

by any other available means, (3) political

feasibility, (4) technological feasibility, and

(5) it cannot depend upon other yet-to-be-develop-

ed expensive programs. The latter three have now

been satisfied with the success of the shuttle as

a reusable, cost-efficient logistical support and

payload delivery system (Hook, 1982), the continu-

ing technological advances in automation systems

including robotics, artificial intelligence, and

expert systems (Hook, 1982), and the increasingly

favorable public and political climate for major

space program initiatives (Benedict, 1983). The

long-range national interest and the unavailabil-

ity of alternative means of accomplishment -- the

questions of utility -- are now the principal

focus of station advocates.

2.2.1 Space Operations

Recent proposals for a permanently manned

station include a major role as a center for space

operations (Hook, 1982) -- for instance, satellite

tending tasks (JSC, 1979; Pivlrotto, 1983; Tilt-

on, 1983) including maintenance, repair, resupply,

testing and checkout, reconfiguration, retrieval,

deployment, storage, and reboost. Tending is new

possible using the shuttle, but only on a sharply

limited basis due to orbiter altitude, storage,

stay time, and work space constraints. The



permanentlymannedspace station offers an
unpressurizedservicehangarbay,on-orbltstorage
facilities, indefinite staytimes,andultimately
(with the additionof bothmannedandunmanned
orbital transfervehiclesandteleoperators)the
capacityto tendgeosynchronoussatellites. These
are neededcapabilities the shuttle cannot
directly provide.

Anotheroperationsapplicationis on-orbit
constructionof largespacestructures(JSC,1979;
Pivirotto, 1983; Tilton, 1983)suchas platforms
andantennae100-1000metersin diameter. The
shuttlecanefficiently deployonlysmall,compact
ground-builtstructures. Payloadsizeandweight
limitations effectively rule out larger space
structuresunlessdeliveredpiecemealfor on-orbit
assembly.Thestation, if suppliedwith appro-
priate constructionequipmentandrawmaterials,
couldprovidelarge-structuredeployment,assem-
bly, fabrication and evenrepair capabilities
whichdonotexist today.

Thestationcanbeusedasa flight support
operationsbase(Gilruth, 1968;JSC,1979;Hook,
1982) for mannedor unmannedLEO transfer
missions,logistical supportandgeosynchronous
sorties, evenlunar andplanetarymissions. It
wculdprovidea rangeof flight supportcapabili-
ties includingassembly,servicing, refueling,
maintenance,repair, checkout,launch,recovery
andrescueactivities. All canbeperformedmore
cost-effectivelyfromthe spacestationthanfrom
Earth.

A quarantinefacility is anotherpossibility
(JSC,1979). A prominentfeatureof the lunar
landingmissionswasthequarantineproceduresfor
returningastronautsandtheir lunarsamples,al-
thoughthe effectivenessand safetyof ground-
basedfacilities hasbeenseriouslyquestioned.
Withthespacestationservingas operationsbase
for futurelunarandplanetaryflights, anorbital
quarantinefacility for bothhumansandmaterials
returning fromsuchmissionsis preferablefor
reasonsof safetyandcost-effectiveness.

Finally, the spacestationwill serveas a
convenientstoragefacility (JSC,1979; Pivi-
rotto, 1983)for satellite servicingequipmentand
supplies, constructionequipmentand materials,
flight supportstockpiles,spareparts, processed
materials,wastematerials,andmanpower.Station
warehousingandstoragewill increasecost-effect-
iveness. Givenan increasingvolumeof space
operationsactivity it is inevitable that the
stationwill becomea majororbital transportation
node(Pivirotto, 1983; Tilton, 1983),performing
extensivespacetraffic control and scheduling
tasks.

2.2.2 CommercialOperations

Commercialactivities are a secondmajor
spacestationapplicationwhichis gainingprivate
sectorattentionin responseto thesuccessof the
shuttle program. The combinedadvantagesof
zero-gandvacuumhavegivenrise to anextensive
llst of potential materials processingand
manufacturingproducts(MDAC,1977; Grumman,
1977). Theseinclude shapedcrystals, semicon-
ductors,pharmaceuticals,blologlcals, strategic
materials, plastics, films, foils, alloys and
mixtures,ultrapuremetals,composites,glasses,
membranes,metal foam, fibers, microspheres,
ceramic/metal,andmatrixmaterials. Theshuttle
canconductlimitedon-orbitexperimentsand dem-

onstrations,but full exploitationof the mater-
ials processingandmanufacturingpotentialawaits
a morepermanentandexpandedhumanpresencein
space.

Thecommercialpotential is limited only by
the imaginationandwillingnessto invest bythe
private sector. Oneimportantapplicationwhich
achievedearly prominenceduringSkylabis remote
sensing. Expandingupon the capabilities of
satellites, spacestation personnelcanperform
extensiveEarth-resourcesexploration,mapping,
and managementfor both energyand resource
sectorsof theeconomy.Meteorologicalmonitoring
andgeneralnautical navigationwill begreatly
improved.Thestation couldserveas a major
communicationsand data processingnode(JSC,
1979; Hook,1982; Pivirotto, 1983). Extensive
andsophisticatedstation communicationssystems
feasibly might functionas the dataprocessing
nodeand communicationsdownlinkfor numerous
mannedandunmannedcommercialoperations.This
wouldhelpavoidcostlyduplicationof facilities
andcapabilitiesbythe privatesector. Thesta-
tion could offer a leasedspaceplatform for
attachedsatellites, proprietarylaboratorymod-
ules for researchand developmentactivities,
productionmodules,andsoforth, andmighteven
providecommercialspaceoperationsservices.
Drivenby increasingprivate sectorandforeign
involvementin commercialspace operations,
stationspaceoperationsactivities (particularly
flight support)will inevitablyexpandto include
a growingprivate sector and foreign market,
further exploitingthe commercialvalueof the
facility.

NASAstationcrewmembersmayprovidelabora-
tory researchanddevelopmentservicesfor commer-
cial enterpriseswhichdo not leaseor operate
their ownindividualorbital laboratory. Recent
shuttle missionshaveshownthat NASApersonnel
canreliably conductresearchandonboardexperi-
ments,developmentactivities, testing, calibrat-
ing, and laboratorydemonstrationswhichcould
enablemanysmaller commercialenterprisesto
capitalizeontheadvantagesof spaceoperations.

2.2.3 SpaceSciencesandResearch
Thescientific andresearchcommunitieswill

gain accessto expandedservicesbecauseof
superiorstation capabilities (JSC,1979; Hook,
1982; Pivirotto, 1983). Onecentral activity
will beanextensivere-examination,in zero-gand
vacuum,of thebasictenetsof thenatural, physi-
cal andlife sciences.Muchas the terrestrial
atmosphereaffectedastronomy,Earth'sgravitymay
havehadunforeseeneffectsonfundamentalassump-
tions in a numberof fields includingplanetary
sciences,astrophysics,life sciences,medicine
andengineering.Theseeffectsarebestinvesti-
gatedusing a long-durationon-orbit facility,
preferablymannedor human-supervised.

2.2.4 NationalSecurity

Thedefenseandnationalsecurityusesfor
the spacestationhavereceivedrelatively little
public commentbut have beenthe subject of
considerableprivatespeculation.Thestation is
unlikelyto beusedasa weaponsplatformbecause
of its highvisibility andpredictability (hence
vulnerability), but there are manydefenseand



intelligenceapplications not compromised by such

characteristics.

For example, a surveillance platform for

strategic monitoring of terrestrial operations

would benefit from integration with domestic and

international civilian station operations if

onboard security can be maintained. A lone in-

telligence-gathering surveillance platform might

invite assault, but domestic and international

civilian populations on the space station might

provide some protection during peacetime opera-
tions.

Station modules could also be used as labora-

tories for materials and weapons systems research

and development. Given the increasing foreign

presence in space, ever-acceleratlng as more coun-

tries join the space club, weapons research for

ground and space applications may be deemed essen-

tial for American national security -- even if

only for the near-term objective of space station

defense.

The possibility that the space station could

be used as a base for tactical defense or space

intelligence operations is directly related to the

increasing foreign presence in space. An orbital

base for strategic operations is highly risky, but

limited peacetime tactical operations could be

launched from an integrated domestic or inter-

national civilian station complex with far less

chance of retaliation than if conducted from an

isolated or free-standing platform.
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The issue of machine autonomy -- the degree

to which a machine is independent of man -- is an

important aspect in the design of human-machine

systems for the performance of physical tasks.

From a pragmatic point of view, autonomy is signi-

ficant because differing patterns of human or

machine independence will produce varying amounts

of overall system effectiveness in specific cir-

cumstances.

This chapter examines three major types of

human-machine systems: (I) Manned EVA (extra-

vehicular activity), (2) teleoperation and tele-

presence, and (3) robotics. EVA exhibits the

least machine autonomy, robotics the most. The

characteristics of each technology are reviewed

here, together with an examination of the

tradeoffs between potential gains in effectiveness

from machine autonomy and technical feasibility in

various time frames. The purpose is to outline

the characteristics of each technology and to make

recommendations from the standpoint of space

station autonomy and effectiveness.

The chapter concludes wlth a brief discussion

of several important aspects of human-machine

relationships -- in particular, function alloca-

tion, tool-using, and mutual human-machine trust.

Formal human-machine and ground/space allocation

methodologies are discussed later, in Chapter 6.

3.1 _hnned Extravehicular getlvity (EVA)

Manned EVA encompasses all the activities of

people in space who are outside of a pressurized

environment. EVA has been accomplished by United

States astronauts since the Gemini program, and is

becoming a more frequent function supported by the

shuttle. During the lifetime of the space station

manned EVA will become routine, often performed on

an eight-hours-a-day, seven-days-a-week basis.

There are two primary drawbacks to manned EVA

for space activities as opposed to a telepresence

system (section 3.2) (Howard et al., 1982).

First, people require a large amount of task-rela-

ted time for EVA preparation and cleanup, as well

as personal time for eating, sleeping, and recrea-

tion. Second, there are high recurring costs

associated wlth supporting the EVA crewperson.

The main advantage of manned EVA lles in the

great versatility of human beings and in their

ability to deal intelligently with unexpected

situations. While telepresence and robotics may

eventually aid and augment the EVA astronaut, they

will not in the immediately foreseeable future be

able to accomplish all of the functions which can

now he performed by manned EVA.

Three basic conditions must be met for an EVA

operation to be accomplished effectively: (I) The

safety of the EVA astronaut must be assured; (2)

the mobility and dexterity of the person in EVA

should not be hindered by the required gear; and

(3) the necessary tools, supplies, and information

must be available to adequately perform the

desired tasks (Howard et el., 1982).

3.1.1 Safety

The Extravehicular Mobility Unit (EMU) allows

humans to function in an unpressurized environ-

ment. The EVA crewperson plus the EMU comprise a

true symbiosis of human and machine -- neither

could operate without the assistance of the other.

The EMU is comprised of several subsystems. The

Space Suit Assembly maintains the pressure requir-

ed for safe operation in a vacuum environment, and

provides mobility and protection from radiation,

micrometeroids, and the extremes of temperature

encountered in space (King and Rouen, 1982). The

Life Support Subsystem maintains a pressurized

flow of breathable air to the operator and removes

metabolic heat. Other EMU subsystems include

waste control, communications, and limited food

and drink. The EMU can also provide life support

functions for short periods in the event of a loss

of power or suit puncture. The development of an

inflatable medical refuge would allow longer-term

astronaut safety away from the space station, In

the event of an emergency.

The Manned Maneuvering Unit (P_41j) is a

propulsion package attached to the back of the F__

by the EVA astronaut to permit untethered mobility
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in the vicinity of the shuttle or the space sta-

tion. This increases crew safety and eliminates

the process of securing, releasing, and controll-

ing tethers which can consume up to 15% of

astronaut EVA time. Tests have shown, however,

that the present-day MMU probably has insufficient

maneuvering capabilities to perform extended space

operations, especially if multiple hlgh-velocity

translations are necessary (Howard etal., 1982).

A method of tool management is needed which

is easy to use and does not interfere with the

astronaut. During an EVA, tools and other objects

must be prevented from drifting off and, poten-

tially, causing damage. Usually this is accomp-

lished using tethers, but these are cumbersome and

can tangle -- a major safety concern since tangles

can be difficult to undo with current limited-

dexterity pressure suit gloves. Self-rewinding

tethers reduce tangling, but exert a force on the

tool which must be overcome by the EVA astronaut.

3.1.2 Mobility

The mobility and dexterity of an EVA astro-

naut is primarily dependent upon the characterist-

ics of the pressure sult and the EVA gloves. On

current pressure sult designs, much of the area in

front of the human torso is occupied by various

displays and controls. If this apace were cleared

of all intrusions, a much greater work envelope

would result. Head-up displays could relay time-

critical facts such as the amount of power or air

remaining for the EVA.

The pressure suits used on the shuttle are

much improved over past designs, and further

improvements are planned. But it is difficult to

work in them because the suits do not maintain a

constant volume. When an EVA astronaut moves, he

must do work to compress the air inside the suit.

This work increases with increasing suit pressure.

Lightweight suits with improved Joint mobility in

the upper body region would be beneficial.

Improving manual dexterity of the pressure

sult glove is of primary importance. Current

gloves glve the astronaut little tactile feedback,

an effect worsened by the necesSary addition of a

thermal protection garment over the suit glove to

protect the astronaut from hot surfaces. EVA sim-

ulation studies show that the hands are generally

the first to tire in extended activities, and

require frequent rest breaks to avoid cramping and

loss of dexterity. Advanced glove mobility

development is underway, aimed at producing a

glove operating at 8 psl with dexterity equal to

current 4 psi gloves, but even this work will not

seriously address major problems in dexterity,

tactile sensing, and fatigue.

One alternative to air pressurized gloves is

to use the tensile force of an elastic fabric to

restrain the skln of the hand, which is otherwise

exposed to vacuum. A design for an entire suit

was completed in the late 1960's but was

discontinued, due to difficulties in matching

pressure in the torso and concave areas of the

body such as extremity Joints. The integration of

an elastic glove and a pressurized suit appears

highly attractive based on results to date,

although there are several potential pitfalls.

For instance, it is doubtful that elastic gloves

wlll allow hand surface pressures to exceed 4 psi,

thus limiting suit pressure to that level. Also,

hand pressure Is not related to suit pressure, so

the astronaut's hand Is constricted during suited

intravehicular activities (IVA). A further con-

cern is that the necessary bulky thermal protect-

ion overgarment may negate any gains in glove dex-

terity.

Astronauts should be able to exit the space

station immediately after donning the pressure

suit. On the shuttle, astronauts spend 3-4 hours

breathing pure oxygen to clear the nitrogen dis-

solved in their body tissues. This is necessary

to prevent the bends, s painful and potentially

dangerous physiological condition, from occurring

upon dropping the pressure from 14.7 pal (cabin)

to 4.3 psi In the suits (King and Rouen, 1982).

Prebreathing consumes a significant portion of the

EVA timeline and must be ellmirmted if manned EVA

is to become routine. Prebreathlng is not requir-

ed if the suit is held above approximately half

the pressure to which the astronaut is already

acclimated. Thus, if the station is at 14.7 psi,

8 psi suits are necessary; if the station press-

ure is maintained at a lower pressure (as was Sky-

lab), 4.3 psi suits can be used.

Suit servicing is another major concern. An

8-hour workday might include two 4-hour shifts

with a 2-hour break in between. This requires

either that the original suit be serviceable dur-

ing the 2-hour break, or that a second replacement

suit be available. Servicing a suit involves

oxygen resupply, battery swapping or recharging,

lubricating bearings and sealing gaskets, visual

inspection, and some limited testing performed

periodically (Elklns, 1982). It is unlikely that

an astronaut-worker can perform suit servicing

during a break period. Unless suit refurbishment

is very highly automated, the assistance of a

second person wlll be needed. To eliminate this

costly requirement, an automated sult resupply

rack might be employed. Workers would hang their

suits on the rack and connect a few gas and

electrical lines. All necessary refurbishment

operations are then performed automatically so the

suit is ready for, use in two hours.

With workers performing 4-8 hour EVAs, normal

personal hygiene and excretory functions must be

comfortably accommodated. Current technology all-

ows for sanitary urination by males only. Female

urination, and defecation by either gender, is

handled by "fecal containment garments" -- large

diapers. These garments have yet to be used on-

orbit by any astronaut, as such use is considered

to be physically discomforting. A portable space

toilet, inflatable to sult pressures, might allow

people to function longer and more comfortably in

EVA.

New types of physical restraints for crew-

members performing EVA operations are needed. The

"cherry picker," for example, is a manned platform

presently under development. It would be mounted

at the end of the Remote Manipulator System (RMS)

and be used to transport EVA astronauts, tools,

and mission hardware around the shuttle cargo bay

(Nathan, 1982). Current plans require a special

RMS operator to control the movements of the

cherry picker platform in response to commands

from the EVA worker, but a voice recognition

system could eliminate the need for this operator

and appears to be a promising application of

artificial intelligence technology.

Another example of a proposed restraint

system applicable to space station EVA is the

manned Proximity Operations Module (POM), a

free-flying workstation which would utilize the

MMU for maneuvering. The POM would offer the EVA

worker a foot restraint system that attaches to
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varioustypesof surfacesand,after attachment,
providesaccessto a largeworkarea. POMcould
alsocaptureandmaneuversatellitesandtransport
small modulesin or aboutthe shuttle orbiter
payloadbay(Adornato,1982).

3.1.3 Tools,SuppliesandInformation

Withoutadequatetoolsandsupplies,theEVA
workercannotperform. Thedevelopmentof EVA
toolshasgenerallylaggedthat of suit design,so
thereis far morepotentialfor increasingastro-
nautcapabilitiesby improvingtools thanbyim-
provingpressuresuits. Tooldevelopmentis rela-
tively inexpensivecomparedto suit design.How-
ever, the presentprocedurefor flight certifica-
tion of hardware(suchasEVAtools) is too rigid
andtakestoomuchtime,is inefficient andtends
to discourageinnovativeideasanddesigns(Howard
et al., 1982).

Possibly the single most important tool from

the standpoint of EVA autonomy would be a system

which explains or assists in the use of other

tools. A real-time maintenance information

retrieval system could provide the crew with

information adequate to perform the task at hand.

Currently, astronauts must repeatedly practice

every step of an EVA operation in an underwater

neutral buoyancy tank. The total training time

for a single EVA task may run several months,

impractical if a variety of manned EVA operations

are to be performed on a routine basis.

Using a real-time maintenance information re-

trieval system, an astronaut would receive instru-

ctions from a database containing information

about the task at hand. For example, if a satell-

ite servicing task is underway, the astronaut asks

the retrieval system for the next step in the

servicing operation, or for a schematic drawing of

the section of the satellite being serviced, or

for the best method to recover from an error.

Information is requested through a voice recogni-

tion system to allow verbal querying, with the

response either broadcast vocally (voice synthe-

sis) or displayed visually on a head-up display.

Astronauts would only have to be trained to

perform, say, generic satellite servicing tasks,

thus increasing the versatility, autonomy, and

effectiveness of EVA workers.

Also, if a video image of the workslte is

transmitted to station or ground personnel, they

can offer additional valuable assistance to an

astronaut performing an EVA operation. A small

lightweight CCD camera mounted on the pressure

suit or helmet, or a free-flying maneuverable

television vehicle (MTV), are possibilities.

3.1.4 Working in Space

Neutral buoyancy simulation (NBS) shows that

EVA astronauts should be able to work productively

and routinely in space. An instinctive adaptation

to the zero-g environment occurs after 15-25 hours

of suited activity in the NBS tank, although

astronauts have yet to achieve this level of ex-

pertise in actual on-orbit EVA operations. For

instance, an unrestrained worker learns automati-

cally to move a high moment-of-lnertla item so

that the object and the person's body arrive in

the proper positions simultaneously.

The only extravehicular construction perform-

ed in space to date has been the erection of a

sunshade on Skylab II. This was an improvised

task at an unplanned worksite, and the results

were discouraging (Akin, 1980). But NBS studies

suggest that structural assembly can be accomp-

lished productively in space. Whether measured in

kg/crew-hour or operations/crew-hour, simulated

weightlessness in neutral buoyancy experiments

shows a clear advantage over dry land assembly

(Akin, 1980). This is because components and

workers need not be physically supported during

weightless construction. People who have trained

in neutral buoyancy and then have performed actual

EVA in space report that manned EVA requires much

less effort than similar activity during NBS. So

productivity will probably be even greater than

that predicted by the simulations. One planned

experiment will quantify the differences between

EVA and neutral buoyancy by having astronauts

perform the assembly of a standard structure both

in the neutral buoyancy tank and in actual EVA on

board the shuttle (David L. Akin, 1983, personal

communication).

The ways in which people interact and assist

each other at an EVA worksite must also be care-

fully considered. NASA flight guidelines require

many operations to be accomplished by people in

pairs -- one person assists with tools and parts,

the other performs the operation. It has been

shown, however, that productivity is maximized if

workers are allowed to function independently

(Howard et al., 1982). Further, reducing or elim-

inating formal step-by-step timelines at a work-

site would allow personnel to attempt innovation

and new methods to increase productivity.

3.2 Teleoperation and Telepresence

Teleoperatlon is the remote operation of a

machine. This may be something as basic as

pushing a button at a ground control facility to

cause space station batteries to begin recharging;

or as complicated as a complete mechanical human

analog on the station, capable of performing

humanlike functions and remotely controlled from

the ground. An important subset of teleoperation

is telepresence, wherein the operator receives

sufficient quantity and quality of sensory feed-

back to provide a feeling of actual presence at

the worksite.

Teleoperation and telepresence have numerous

applications on a space station. For example,

teleoperation can assist in station maintenance

functions, with a ground operator controlling the

activity remotely. In many cases it will be

prohibitively expensive either to fully automate

or to have people perform tasks which would

consume valuable on-orblt crew time. Telepresence

can be used for space operations requiring human

intelligence, control, and dexterity, but which

people cannot directly perform due to factors such

as cost or safety. Earthbound operators could use

a dextrous manipulator arm and vision system for

remote laboratory work on the space station. A

telepresence EVA system could potentially handle

satellite servicing, which might be less expensive

than manned EVA and is a very realistic goal for

the early 1990s (Thiel and Kurtzman, 1983).

Another possibility is remote-directed spacecraft

refueling operations, a Job regarded by some as

too dangerous for EVA astronauts.

Telepresence systems can also expand the

range of tasks accessible to humans. Manned EVA

is limited to near-shuttle, 6-hour work periods.
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FIGURE3.1. M.I.T. FREE-FLTING HTBRID TELEOPERATOR

Thrusters \

A telepresence system could operate for more ex-

tended time periods even in high altitude orbits,

where, for instance, communications satellite

servicing and large antenna construction are best

performed. Currently, humans cannot work in high

altitude orbits due to insufficient life support

facilities, the lack of transportation, and exces-

sive radiation hazards.

With the human as operator, telepresence

utillzes human Judgment and manipulative skills;

takes advantage of machine durablllty, expendabil-

ity, and performance; and permits the incorpora-
tion of autonomous robotic technology as it be-

comes available. Telepresence thus combines many

of the advantages of both human and machine capa-

bllitles.

lish the limited tasks for which they were design-

ed. This achievement halted further teleoperation

and telepresence research and development, except

for sporadic NASA work in the 1970s. Only recent-

ly has renewed interest and funding in telepres-

ence research produced systems with capabilities

beyond those of the 1960s.

In addition to the nuclear industry, some

progress has been made in undersea telepresence.

One major current application is remote deep water

telepresence diving operations connected with the

maintenance and repair of oll platforms. The

Naval Ocean Systems Center (NOSC) in Hawaii has

developed one of the most advanced telepresence

systems in existence. Remote manipulators are

controlled by an exoskeletal pair of arms worn by

an operator. The system also has a mechanical

spine and neck system, and is nearly able to dup-

licate human upper body movements. Amazingly,

while the NOSC system is one of the most advanced

today, the technology consists entirely of

off-the-shelf or decades-old hardware designed for

other purposes.

Biomechanieal engineering and robotics may

also contribute significantly to future teleopera-

tot development. The difficulties encountered in

designing and interfacing humans with prosthetics

and other mechanical aids for the disabled are

often very similar to the challenge of interfacing

humans with teleoperators. And the recent surge

of interest and development in industrial robotics

has led to the increased development of robotic

hardware, such as manipulators and end effectors,

which can be adapted for telepresence use.

3.2.2 Space Telepresence

Work is progressing on designs for integrated

telepresence systems for space use. In _979, the

FIGURE 3.2. REMOTE ORBITAL SERVICING SYSTEM (ROSS)

T&q.EOPERATED SERVICER KIT

3.2.1 Past Telepresence Applications

Teleoperation was initially developed by the

nuclear industry in the 1950s and 1960s to perform

remote work in high radiation environments. Inlt-

ial systems employed a "master" control arm whose

motions, directed by the operator, were duplicated

by a "slave" arm at the worksite. These systems

sometimes provided force feedback and a two-fing-

ered end-effector _mechanieal hand) with limited

dexterity. Increased system dexterity would allow

more flexible and human-like operations, and need

not require a high degree of preclsion -- human

arms are dexterous but cannot position themselves

with the same precision of most nondexterous in-

dustrial robots. By the early 1960s, master/slave

systems were operational and adequate to accomp-
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Free-FlyingHybridTeleoperatorwasconceptualized
at theMassachusettsInstitute of Technologyas a

system capable of propelling itself to a repair

site and attaching to a structure; carrying

tools, spare parts, and a variety of sensors;

diagnosing and repairing faults; and communicat-

ing with human supervisors. Shown in Figure 3.1,

the proposed teleoperator has two manipulator arms

for doing work, two anchor arms for fastening it-

self to the worksite, thrusters for maneuverabil-

ity, communications equipment, a spare parts and

stowage rack, an end-effector rack, TV cameras and

illumination sources (Smith and Miller, 1979).

The Remote Orbital Servicing System (ROSS), a

Martin Marietta Aerospace concept, could service

several satellites using only current technology

(Figure 3.2). The ROSS would fit inside the

shuttle cargo bay for ease of transportation into

space and back to Earth (Sehappell, 1982).

The MIT Beam Assembly Teleoperator (BAT) is

the first integrated telepresence system which has

actually been designed and built for use in a sim-

ulated space environment (Shain, 1983). The BAT

will perform neutral buoyancy assembly of struct-

ures to gauge the feasibility of telepresence and

to compare telepresence performance with that of a

person in an EVA pressure suit.

3.2.3 Teleoperated Intravehicular Activity

The primary goal of using teleoperation and

telepresence for intravehicular activity (IVA)

within the space station is to allow ground

personnel to perform space station functions that

are not economical to fully automate but which

would otherwise consume valuable crew time. In

the initial station configuration, these functions

might include relatively simple tasks such as the

monitoring and controlling of power levels, com-

manding battery recharging, maintaining thermal

control, supervising the ECLSS (Environmental

Control and Life Support System), and so forth.

Farther out in the future, more sophisticated

telepresence systems could conduct many onbnard

activities previously requiring the dexterity and

physical abilities of a crewperson. For example,

in the absence of the principal investigator a

humanoid telefactor could execute laboratory re-

search tasks such as preparing slides for analy-

sis, monitoring crystal growth experiments, and

performing space station maintenance.

Such capability offers significant advantages

(see Appendix 7C), prime of which is the cost sav-

ings when continuous human life support (environ-

ment, food, hygiene facilities, and psychological

well-being) need not be maintained in all station

modules. It appears, however, that much more dev-

elopment is needed before this becomes a feasible

scenario, because:

(I) No mechanical hand exists today with a dex-

terity even close to that of a bare human hand.

This is probably due to the lack of research fund-

ing rather than any fundamental technological

difficulty. Marvin Minsky (personal communica-

tion, 1983) estimates that an anthropomorphic hand

for telepresence applications would cost about $5

million to develop, quite a small sum compared to

the total estimated space station commitment.

(2) Even if an anthropomorphic hand already ex-

isted, problems caused by transmission time delay

between the space station and Earth are large

enough to preclude the use of force or tactile

feedback to the operator. Without such feedback

it is difficult to perform delicate activities,

akin to trying to pick up a small object with

cold, numb fingers. Transmission time delays

(Figure 3.3) will range from 0.5-2 seconds

(section 3.2.6), requiring the telefactor operator

to adopt a move-and-walt strategy. This greatly

reduces productivity.

(3) An alternative to anthropomorphic teleoperat-

ors is to redesign all equipment to be operated

exclusively by non-dexterous manipulators, ultl-

mately allowing automated functioning through the

use of dedicated special-purpose machinery. Such

designs are potentially expensive and technologi-

cally challenging. However, a fully-teleoperated

station or station module might not be required to

do everything a manned one could, possibly result-

ing in significant near-term cost savings. Provi-

sions would have to be made for periodic human

visits or for self-maintenance of the mechanical

teleoperators, and for telefactor mobility about

the station. This alternative is explored more

fully in Appendix 7C.

3.2.4 Teleoperated Extravehicular Activity

The major application of space telepresence

in the near future is activities outside of the

space station, such as satellite servicing,

structural assembly, and contingency (unplanned)

repairs. Thiel and Kurtzman (1983) provide an

overview of available telepresence technologies

with a focus on those required to support a space

telepresence effort. Several space projects are

examined in detail to determine what teleoperation

capabilities are needed to accomplish tasks such

as servicing and assembly. The methodologies of

that study are described in section 6.1, but the

major conclusions are as follows:

• Telepresence is necessary and desirable.

• Telepresence should be able to match EVA in

capability.

• Telepresence is potentially capable of perform-

ing satellite servicing, structural assembly, and

contingency operations.

• Telepresenee is feasible, both operationally

and technologically.

• A working telepresence unit could be developed,

built, and flown by the early 1990s.

• Advanced telepresence systems will be capable

of very complex operations and high levels of

autonomy.

• A research and development program should begin

immediately.

As a near-term goal, physical performance of

telepresence systems should at least match that of

humans in EVA. At present, extreme dexterity is

not available for EVA pressure suits, so this re-

quirement for teleoperators is not very restrict-

ive. Typical manipulations might involve mechan-

ical and electrical connectors, the grasping and

positioning of objects, or the operation of a

latch. Note that telepresence systems need not
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perform tasks in the same manner as an EVA astro-

naut -- telepresence might take longer, require

more tools, or follow different procedures than

manned EVA while achievin E similar results.

The basic components of a space telepresence

system capable of conducting servicing operations

include communications, man-ms chine interface,

vision and other sensors, control, manipulators

and end-effectors. Most of these components exist

today, but complete operational systems do not.

Space adaptation must be included due to the im-

portance and difficulty of space-qualifylng hard-

ware. Space telepresence systems could be opera-

tlonal by the early 1990s in conjunction with the

flrst-generation space station, but this will not

occur unless development of the necessary hardware

and software commences _t,-.ediately. The success-

ful performance of a single contingency operation

during the deployment and assembly of the space

station would more than Justify the entire cost of

the telepresenee development program (Thiel end

Kurtzman, 1983).

3.2.5 Space Station and Telepresenee

The space station offers many advantages as a
control center for space telepresence. Ground-

based telefactor operators suffer intolerable time

delays, but statlon-based operators could service

any satellite at the space station or within dir-

ect communications range with essentially no time

delay, enabling more delicate manipulation. How-

ever, the advantages of operating from the space

station must be signlfleant to outweigh the high

cost of on-orblt crew time. Careful tradeoff stu-

dies are needed to precisely determine the types

of tasks which can be performed adequately with a

time delay, and those which cannot due to the need

for sensory feedback or quick response times.
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Another advantage of space-based telepresence

control is that the station provides a convenient

site for telefactor storage, resupply, refueling,

and maintenance. The station could serve as repo-

sitory for satellite replacement items, allowing

greater variability in spacecraft parts and servi-

cing applications while eliminating the launch and

ground operations that would be necessary if the

telepresence unit were ground-based. Since the

telefactor stays in orbit, its availability is

much higher for work on or near the station. This

could become critical during an emergency (Thiel

and Kurtzman, 1983).

3.2.6 Telepresence Technology and Development

Program

The primary technology requirements for a

near-term (1990-1992) telepresence system are sum-

marized briefly below. A major non-technological

requirement is the utilization of human factors

knowledge. For a telepresence system this means

minimizing operator workload (as in aircraft

cockpit design) and meeting operator expectancies

(making the operation seems as "natural" as poss-

ible) to maximize use of reflexes and manipulative

skills the operator has gained from a lifetime of

learning and experience. Virtually all humans,

for example, are expert at vision field control,

turning the head to look at a desired object or

scene. Thus, using operator head position to

point a camera on the telepresence servicer may be

preferable to manual camera control switches.

Teleoneration Technology Reo_irements. The

recommended vision system uses stereo-optic vision

for depth perception with 3D imaging sensing, as

in human binocular vision. Helmet-mounted video

displays would allow slaving the cameras to the

head, so the display screen is always in view re-

gardless of operator head position. This also

permits a separate image to be presented to each

eye (necessary for true stereo vision), without

requiring complex or expensive optics which can

restrict operator movement and cause discomfort.

Color displays would aid in scene recognition and

understanding for both humans and machines. These

technologies are well-advanced. For example, a

black-and-white stereo helmet-mounted video system

has been developed and tested by the Naval Ocean

Systems Center in Hawaii, and the addition of

color to this system should present little prob-

lem. Space-qualified video cameras have been in

use since the 1960s.

Manipulator arms with 7 degrees of freedom

(DOF) are desirable from a human factors stand-

point because they are similar to human arms and

thus easily controlled by a master/slave control

system. Seven DOF are needed to reach around ob-

Jects or into confined spaces, and two arms are

required for some space operations. Human opera-

tors are more comfortable with a pair of 7 DOF

manipulators than with one 7 DOF arm and one arm

with less than 7 DOF. NOSC Hawaii has built and

tested a system with two master/slave manipulators

and Martin Marietta has developed a 7 DOF arm for

Marshall Space Flight Center that can easily be

adapted for space use. MIT is building a manipu-

lator system for neutral buoyancy simulation of

space structure assembly and for testing telepres-

enee control technology.

Near-term telepresence systems must be desig-

ned to grapple a variety of hardpoints, to manipu-

late objects, and to use tools. A mechanical hand

or hand analogue could in theory perform these

tasks, but would require a significant development

effort and might not be easily controllable with a

communications time delay. Interchangeable speci-

alized end-effectors have been demonstrated in the

laboratory and can accomplish all near-term tele-

presence tasks. The greater versatility of mech-

anical hands will be needed only in more advanced

(post-1995) telepresence systems to perform more

complex tasks.

Force control of the manipulator arm is nec-

essary due to the very high stress loads that can

accldently be applied without some limit on mani-

pulator force. This control can be a total-force

limit which the manipulator cannot exceed, or an

applied-force limit specified by the operator.

Force feedback, in which sensed force data are

transmitted to the control site so the operator

can feel and limit it, is probably the most

desirable technique. However, time delays prevent

the operator from sensing excessive force quickly

enough to prevent damage. Experiments have been

performed with force-limlted manipulators but fur-

ther research is necessary before this control

technology becomes operational. Proximity sensors

also are needed, a well-developed technology plan-

ned for use with the RMS. Force and torque sens-

ors of various designs are available, and adapting

them for space use should present no problems

(Bejezy, 1980).

There are three promising techniques for op-

erator control of manipulator arms. Probably the

best choice for a near-term telepresence system is

the force-lndicatlng hand controller, a multi-DOF

joystick which the operator grasps. As forces are

applied to the joystick the manipulator moves at a

velocity proportional to the applied force. The

operator applies forces to the hand controller to

"fly" the end of the manipulator to the desired

location; if the manipulator is in contact with a

spacecraft or component, it applies the same (or

proportional) force to the object it is in contact

with. The seccnd technique is a master arm, which

monitors operator arm position and commands the

telepresence manipulator to a similar position.

Direct force control is more difficult because the

master arm responds to an applied force by moving ,

thus the operator is not as aware of the forces

being applied as with the rigid hand controller.

These exoskeletal controllers may use preset force

limits instead of continuous operator force com-

mands. The third option, used by the nuclear

industry, is a hybrid of the previous two control

methods. The operator grasps a hand controller

attached to the end of a master arm which moves in

response to forces applied to the hand controller

by the operator. The actual manipulator arm foll-

ows the movement of the master arm. All three

approaches are within present technological capa-

bilities.

Teleoperators working on a satellite or at a

construction site must be able to apply forces and

torques to nearby spacecraft and components. This

requires that the telepresenee servicer be able to

hold steady its position relative to the workslte.

Stationkeeplng by reaction thrust is difficult,

wastes fuel, and may be ineffective with high-

torque manipulators. Docking is a viable option

but the telepresence system may have difficulty

reaching necessary workslte locations if constr-

ained to a single contact point. One solution is

a second set of manipulator arms to grapple hard-
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points (structuralmembers,boostercasings,EVA
handrails, RMS fixtures, etc.), less sophisticated

than the main arms but permitting the system to

grapple at a variety of worksite locations. Also,

it is feasible to place the telepresence servicer

unit at the end of the RMS, but the need for s

Teleoperator Maneuvering System (TMS) or similar

device is critical. Without TMS the telepresence

system cannot easily operate beyond shuttle alti-

tude or mission time constraints, preventing it

from accomplishing many of the missions it could

perform and erasing many of its advantages over

manned EVA.

Control of the telepresence unit may be ach-

ieved using the K-band single-access links provid-

ed by the TDRSS spacecraft. Unfortunately, the

minimum LEO communications time delay is 0.5 sec-

onds, increasing to 2.0 seconds if the control

station must communicate with TDRSS via the NASCOM

system (Figure 3.3). Delays may be minimized

eltner by placing the telepresence control station

at White Sands, New Mexico where the TDRSS ground

control center is located, or by placing it aboard

the space station so that the telepresence unit

communicates directly with the station bypassing

the TDRSS network.

If ground control of telepresence is essent-

ial, time delays cannot be completely eliminated

and predictive display technology, including re-

cent advances in computer-alded modeling, should

be investigated. For instance, the system could

maintain a working computer model of a spacecraft

which is updated and modified as the structure is

altered by servicing. As the operator moves the

manipulator, the computer immediately displays the

new manipulator link and end-effector positions in

relation to the spacecraft, even though the video

response from the spacecraft has not yet been

received. This makes unnecessary the "move-and-

walt" strategies traditionally employed in dealing

with time delays. However, several years of

technical development work are needed before a

suitable operational system can be produced.

Finally, a telepresence system must have

adequate storage volume for removed parts and re-

placement spares, and stowage rack configuration

must be compatible with the shuttle and TMS.

Instruments must be protected from acoustic vibra-

tion during launch. The stowage rack must provide

structural support for replacement modules during

launch and re-entry, and protection from thermal

stresses, contamination, and radiation in the

space environment. Designs must utilize light-

weight materials, be easily reconflgurable and

reusable for a variety of different missions, and

be capable of stowing liquids, gases, and pro-

vldlng for the cooling of cryogens.

Telecresence Develonment Program. In order

to provide remote servicing operations during the

early 1990s, a space telepresence development

program must be started immediately. Much of the

necessary technology already exists, but a

significant development effort will be required to

integrate the technologies into an operational

system and to space-quallfy the hardware.

The first objective, which should be taken up

immediately, is the integration of available tech-

nology into a ground demonstration system. This

would allow the investigation of human factors and

control system designs necessary for the develop-

ment of an operational system. In parallel with

the ground systems integration, an experiment per-

formed in the shuttle mlddeck would be used to

verify the manipulator control system for actual

zero-g operations. Ground tests can simulate much

of the effects of the space environment, but

manipulation of small masses cannot be accurately

simulated on the ground -- mass and inertia are

dominated by those of the ground simulator and the

contact dynamics are extremely difficult to model

on a computer. An experiment in the orbiter

mlddeck would allow low-mass manipulation tests in

zero-g without requiring the construetlon of a

vacuum-rated system. The results of the mlddeck

experiment and the ground systems integration

could be combined into a full-sca_e demonstration

and validation test on a cargo bay pallet. Other

experiments aboard the orbiter could be performed

as necessary along with continuing ground technol-

ogy development.

All these efforts lead to a 1990-1992 initial

operational system either for use on the TMS or as

an attachment to the RMS for early operations.

Since the capabilities and expertise of NASA,

industry, and academic institutions often overlap,

and because each type of organization approaches

the problem from a different perspective, each

should participate in all phases of the develop-

ment effort. The actual hardware necessary for a

ground telepresence development system need not be

very expensive, so NASA should encourage in-house,

industrial, and academic ground development sys-

tems. A ground development program, coupled with

space experiments as necessary, will provide NASA

with a highly capable and versatile teleoperatlon

system able to meet both near- and long-term

needs.

3.2.7 Supervisory Control: The Bridge to

Robotics

As telepresence technology evolves, improve-

ments will occur in two major areas. First, the

operator will gain a true feeling of being at the

workslte (Minsky, 1980), with the telepresence

unit possessing many human-equivalent physical and

sensory capabilities. Second, telepresence sys-

tems will be able to accept higher-level supervis-

ory commands and to accomplish low-level tasks

autonomously. Some of the benefits of this latter

improvement, known as supervisory control, are

that: (1) Problems associated with time delays

are virtually eliminated; (2) dependence on com-

munications links and ground commands is reduced;

(3) non-anthropomorphic characteristics (such as

an infinite wrist roll) are easily incorporated;

and (4) tasks which are boring, fatiguing, repeti-

tive, or distasteful to human operators can be

performed autonomously.

Supervisory control will initially be imple-

mented for simple tasks, such as changing end-

effectors qr moving a manipulator arm to a

standard position. As confidence and capabilities

grow, more complex tasks (often involving the

ability to make decisions) will be performed by

supervisory control systems. For example, a tele-

presence operator would give the high-level

command "remove panel" (Figure 3.4). The supervi-

sory control system decomposes this command into

numerous low-level commands -- it finds the desir-

ed panel, figures out the proper manipulator and

end-effector motions to remove the panel, and

finally stows the removed panel. Eventually an

advanced supervisory control system could perform

tasks as complicated as "replace component XYZ."
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FIGURE 3.4. _ EXAMPLE OF AD¥AICED SUPERVISORY CONTROL

COMMAND INPUT COMMAND EXECUTION

Given this command, it would look up the position

of the part, open the access panel, remove the

module containing the component, replace the com-

ponent, and return the module to its proper posi-

tion. At this point the difference between auton-

omous operation (robotics) and supervisory control

becomes blurred. Supervisory control is a key

step in the natural progression towards more fully

autonomous operations (Thiel and Kurtzman, 1983).

3.3 liobott es

Robots probably will play an increasing role

in space station activities beyond the near-term.

Two principal goals drive robotics research and

utilization in industry: (I) Relieving people of

tasks which are boring or dangerous, and (2) exte-

nding human capabilities to increase overall effi-

ciency and productivity. The Robot Institute of

America defines a robot as a "reprogrammable mult-

ifunctional manipulator designed to move mater-

ials, parts, tools, or specialized devices through

variable programmed motions for the performance of

a variety of tasks." However, this definition is

based on industrial robot characteristics and does

not provide a very useful perspective on robots

for space station applications.

Currently and in near-term station designs,

work is performed by humans who directly manipu-

late tools. In teleoperation the effective pres-

ence of a human controller is extended to a remote

location (which may be dangerous or inconvenient

for people) via sensory and control feedback. In

supervisory control mode a human commands the

machine at a higher level. Supervisory control is

an amplification of human control capabilities

made possible by providing computational power to

interpret and implement high-level commands. When

the computer on a remote device gains sufficient

artificial intelligence to perform appreciable

planning and decisionmaking, it becomes a robot.

A completely robotic system would be an autonomous

system not directly including man.

Telepresence, robotics and related systems

are a means to an end, not an end in themselves.

All implementation options for a particular task

should be evaluated, with selection based on all

relevant factors including available technology

and cost. Since these tradeoffs are constantly

shifting as goals change and technology evolves,

formal task allocation methodologles should be de-

veloped (see Chapter 6).

3.3.1 Robot Control, Sensors, and Power

A brief description of various aspects and

types of robots (Safford, 1982; Weinstein, 1981)

is necessary to provide sufficient technical back-

ground for the ensuing discussion.

Robots generally employ open loop, serve, or

sensory-based control. The simplest type of open

loop control is point-to-point control in which

only the endpoints of motion along each axis are

specified. These endpoints are often implemented

via mechanical stops, producing a high accuracy of

repeatability (Froehlicb, 1981). Between specifi-

ed endpoint locations the paths of motion are un-

specified. A more advanced type of open loop con-

trol, called trajectory control, moves the robot

arm along precisely predetermined trajectories in

accordance with fixed sequences (Heer, 1981).

Serve-controlled robots use feedback loops

which employ such internal variables as position,

velocity, acceleration, force and torque to permit

an arbitrary continuous path trajectory to be fol-

lowed. When deviation from the desired trajectory

is detected, the system automatically adjusts to

minimize the error. Open loop and serve robots

have already found a large number of industrial

applications, but are inadequate for many applica-

tions projected for robots in space.

Sensory robots use external as well as inter-

hal signals to implement a more sophisticated con-

trol function. External sensors may provide sig-

nals from cameras, pressure detectors, magnetic

sensors, laser range finders, and force-torque

sensors. This gives the robot the potential to

interact flexibly and effectively with its envir-

onment. External-sensed data are the computation-

al starting point for a robot to perform such

functions as locating and identifying an object,

moving from one site to another while avoiding

obstacles, communicating with humans, and detect-

ing and identifying changes in the surroundings.

The next major research step in robot sensing will

be the most difficult -- extracting useful infor-

mation from sensory data streams and coordinating

this information to achieve an accurate under-

standing of the environment.

Robot sensors may be classified internal/ext-

ernal, contact/noncontact, and dlstributed/local.

Internal sensors reside within the manipulator and
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measure parameters directly from the manipulator

such as force and position data to provide kinema-
tic information to the robot controller. Some ex-

amples of internal sensors include angle and posi-

tion, Joint forces, velocity and acceleration.

Vision is an example of an external sense. The

second distinction is between contact sensors

which may physically touch what is being sensed

(necessary if force is to be measured) and non-

contact sensors which do not touch the object

sensed. Contact sensors may detect applied force,

location, pattern�shape, wrist force, finger

force, finger touch, or whisker movement. Mechan-

isms include piezoelectrics, contact/varlable res-

istance, switches, Hall effect devices, magneto-

stricture, photoelastlcs, and fiber optics. Non-

contact techniques include electrlc/magnetic field

sensing, acoustic holography, acoustic ranging and

imaging, radar and microwave, lldar, interferomet-

ry, and optical imagery. Sensors also may be dis-

tributed throughout the working environment of a

robot, or physically attached to the robot or its

appendages.

The three chief methods of providing drive

power to a robot are electrical, hydraulic, and

pneumatic. The electrical approach generally re-

quires the least energy and is capable of handling

the heaviest loads, but is also the most expensive

of the three options (Froehlich, 1981) For space

applications, electrical is best because of the

difficulties in implementing fluid- and gas-based

systems in a zero-g closed-cycle environment.

3.3.2 Mechanical Classes of Robots Possibly

Useful in Space

Seven major types of robots, classified from

a mechanical perspective, might possibly be useful

in space applications. These, described below,are

the humanoid manipulator, Cartesian manipulator,

spherical coordinate manipulator, cylindrical co-

ordinate manipulator, tentacle manipulator, pick-

and-place non-serve manipulator, and the mobile

crawler.

Humanoid Maninulators. Humanoid manipulators

are robot arms that resemble the human arm in

appearance. However, human arms are very complex

actuators with at least 21 degrees of freedom,

whereas humanoid robot arms usually have no more

than six -- two shoulder rotations, one elbow

rotation, and three rotations at the wrist and

hand (Figure 3.5(A)). Familiar examples are the

space shuttle RMS and the Unimate PUMA, a popular

industrial robot. Humanoid arms are often used in

work environments where human-like manipulation is

desirable. There has been considerable debate

over the appropriateness of this design, however.

On the positive side, it is often easy to match up

a manipulator arm with an industrial workstation

designed for human use. The counterargument is

that simply automating a human workstation may be

suboptimal -- perhaps another kind of station al-

together, in combination with another type of

manipulator, aight be far more effective.

Because of their compatibility with human

workstations, humanoid manipulators are widely

used in the most common industrial robot applica-

tions such as painting and welding. They are also

used in pick-and-place operations for manufactur-

ing. For this reason, humanoid manipulators with

no more than 6 degrees of freedom have been exten-

sively studied and are well-understood kinemati-

cally (Brady et A iA, 1982). Algorithms for plann-

ing trajectorles that avoid collisions with obsta-

cles are known (Wallace, 1983a,b), and problems

related to feedback and control as well as compli-

ant motion have been at least partially solved

(Brady et A iA, 1982).

Humanoid manipulators have a role in space,

as demonstrated by the RMS which is used for de-

ployment and retrieval of shuttle cargo bay pay-

loads. Future RMS tasks include construction of

large structures (including the space station it-

self), delivery of sophisticated end-effectors for

satellite repair, and delivery of humans to adja-

cent worksites in a "cherry-plcker" mode of opera-

tion. On a smaller scale, humanoid manipulators

are proposed for use in satellite repair and serv-

icing (Meintel and Schappell, 1982) and may also

be used for space manufacturing and laboratory

tasks onboard the space station,

Cartesian Manipulators. Cartesian or rectan-

gular coordinate manipulators typically have three

major links, each parallel to one of the three

Cartesian axes (Figure 3.5(B)). Sliding or tele-

scoping Joints allow the manipulator to place its

end-effector anywhere within a right parallelepip-

ed workspace. The Selko 100 Transfer Robot for

industrial automation is a good example of a Cart-

esian manipulator.

Cartesian manipulators are often used in ind-

ustrial applications where they may be positioned

over an assembly llne. In pick-and-place opera-

tions, for example, the manipulator need only

reach down to pick up and transfer parts.

Collision avoidance, control, and planning prob-

lems for rectangular manipulators are often easier

to solve than the corresponding problems for

humanoid manipulators, primarily because the major

links translate but do not rotate.

Space applications of Cartesian manipulators

are less likely for two reasons. First, their

utility is only realized fully in a gravitational

environment such as an assembly line. Second,

cartesian manipulators have a right paralleleplP-

ed-shaped workspace which is not easily compatible

with projected space station activities.

SPherical Manipulators. Spherical manipula-

tors are built to work in spherical coordinate

systems. Two rotation Joints at the shoulder en-

able angular movement along two axes from the ori-

gin; a telescoping or sliding Joint at the

shoulder allows radial motion of the end-effector

throughout the spherical workspace (Figure

3.5(C)). The "Scheinman" or "Stanford" arm is an

example of the spherical manipulator class, used

in industrial pick-and-place and assembly opera-

tions and in some painting and welding applica-

tions.

Cylindrical Manipulators. Cylindrical manip-

ulators are designed to work in cylindrical coord-

inates, which involves one rotational and two

translational axes (Figure 3.5(D)). These are of

particular interest for application on the space

station because individual station components are

expected to be cylinders, and cylindrical arms

offer a way to use this volume effectively for

space manufacturing and laboratory work.

Consider a cylindrical space station module
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with a fixed rod alongthe centralaxis (Figure
3.6). A manipulatorllnk slidesalongthe axial
rod,andmayalsoslide or telescopeperpendicular
to therodandrotate in a planeperpendicularto
the rod. The manipulator'sworkstationsare
positionedaroundtheinsidesurfaceof themodule
within easy reach of the manipulatorfrom a
direction normalto their surface. Thusthe
cylindrical manipulatorin the spacestation
realizesthebenefitsof thecartesianmanipulator
onEarth. Andit is unnecessaryto dedicatean
entire moduleto the cylindrical manipulator--
segmentsof themodulemaybeused in this manner

as well. Laboratory and industrial processes

could be positioned around the inside wall of the

module, to be manipulated by the cylindrical arm.

On another part of the inside wall a collection of

end-effectors would enable fast changeout and

retooling.

Tentacle ManiDulators. Tentacle manipulators

have the maneuverability of the arms of an octopus

(Figure 3.5(E)). They are composed of many small

links connected by Joints, each with multiple

degrees of rotation. Such manipulators were

conceived of early in the history of robotics, but

few have been built because they proved difficult

to realize mechanically and to control. Today at

least one company (Spine Robotics) manufactures

ant markets a tentacle manipulator.

The main advantage of a tentacle manipulator

is its ability to position the end-effector in

diverse orientations in highly constrained work

volumes. In terrestrial applications this is

highly desirable for painting, welding and inspec-

tion, since the manipulator must reach relatively

inaccessible parts of automobile bodies. The

single most significant drawback of tentacle mani-

pulators in terrestrial applications is that they

typically cannot deliver much force at the end-

effector and hence cannot move great masses. In

space this is no problem because even very large

masses can be transported with small force at low

acceleration.

Besides versatile transport in space, a

potentially very useful application of station

tentacle manipulators is inspection. A TV camera

held at the tip of a tentacle could examine many

places difficult for humans to inspect such as

bulkhead interiors. This could dramatically re-

duce time spent on disassembly of hardware for in-

spection.

Non-Servo Pick-and-Place ManlDulators. Non-

servo pick-and-place manipulators are robots with

only limited positioning ability. A typical non-

servo manipulator has a single rotary shoulder

joint and a telescoping arm attached to that

Joint. The arm can position the end-effector at

Just one of two set distances from the shoulder,

so the total workspace is characterized by two

circles. These robots are the most common in ind-

ustrial applications and are used for parts trans-

fer, such as from a parts feeder to a punch press.

Just as they have widespread terrestrial

applications, non-servo pick-and-place manipula-

tors may also find many applications in space.

Non-servo manipulators are less expensive, more

reliable, and lighter in weight than servo manipu-

lators. They are less versatile, however, an imp-

ortant consideration in space applications. Also,

widespread use of non-servo manipulators on Earth

is based on broad terrestrial industrialization,

unlike space. Still, potential applications of

non-servo manipulators on the space station des-

erve further study.

FIGURE 3.5. _CHANICAL CLASSES OF ROBOT MANIPULATORS
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Mobile Crawlers. Mobile crawlers are robots

than can move from one place to another across a

floor or outdoor terrain via wheels or legs (Rai-

bert and Sutherland, 1983; Moravec, 1983). Capa-

billtles of such devices vary greatly depending on

the need for balance, speed and mobility.

On first thought it may appear that crawling

robots have little application in a zero-g envir-

onment, because existing terrestrial systems re-

quire gravity. However, crawling insects rely on

surface adhesion rather than gravity for attach-

ment to walls and ceilings. A space station walk-

ing robot need not rely on gravity either, provid-

ed it dispenses glue wltb every step (probably too

costly and messy) or walks on Velcro tracks lald

down throughout the station interior and exterior.

A one-legged walker would not work too well in

zero-g, since hopping is generally not feasible

and may even be hazardous. The fewer the number

of legs, the greater the probability that the

robot will detach from the surface and float away,

so four-legged or six-legged crawlers appear

better choices than two-leggers.

The major near-term application of a walking

robot in space is inspection. A TV camera could

be mounted on the back of the robot and it could

crawl into constrained or very distant work volum-

es that astronauts cannot easily or safely reach.

A human (or image analysis program) can interpret

what the crawler sees from a remote station,

reducing the need for travel and for disassembly

of hardware for inspection. Mobile crawlers may

also be useful in space construction, able to

crawl along space structures to deliver components

and to inspect. Crawling robot welders, similar

to the robots in the science fiction movie

Runnln_, are another possibility.

3.3.3 Space Station Robot Applications

Many types of tasks can be projected for

robots in the space station context which may

serve to motivate robotics research. Numerous

robotics missions and systems have been proposed

for future investigation or development by NASA

(e.g., Sagan, 1980; Freltas and Gilbreath, 1982).

Those most directly associated with the space

station include assembly, manufacturing and labor-

atory testing, satellite servicing, space food

services and health maintenance systems. Ultimat-

ely, space robots may serve as autonomous planet-

ary surface explorers, perform launch vehicle

assembly or nuclear waste disposal in space, or

engage in lunar mining, non-terrestrial materials

processing, space manufacturing, and possibly even

self-repllcation.

However, early robot assignments will probab-

ly involve much mechanical activation and relativ-

ely little declsionmaking and planning. Five

major task types are summarized below.

Assembly tasks represent one

of the principal projected applications for space

station robots. An example for the mid-term is

the construction of large space systems such as

extensive solar collectors, which will involve

such subtasks as materials handling, fastening,

and subsystem assembly, inspection and repair.

In the farther-term future, there is no rea-

son in principle why the assembly of a space stat-

ion itself cannot be automated from design through

final assembly of the modular units in space. The

FIGURE 3.6. SPACE STATION MODULE WITH CYLINDRICAL-

COORDINATE MANIPULATOR AUTOKATION
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first step is to employ a computer-alded systems

engineering (CASE: Freltas and Carlson, 1982)

package to design the space station, right down to

the component level. For bulk parts or electron-

ics production the computer-aided designs can be

transmitted to robot factories responsible for

machining metal parts and electronics assembly,

and assembly of the components into modules can be

done with an automated factory as well. The econ-

omic advantage to automated assembly of space

station modules will not be realized for the first

few modules built, but such automated assembly

will make feasible the construction of many (per-

haps hundreds or thousands) of space station modu-

les and reduce the cost of building multiple space

stations. Such an arrangement is, in essence, a

self-replicatlng system (Freitas and Gilbreath,

1982).

Once the modules are assembled they must be

Joined together in space. One way to accomplish

this is to include an RMS system with the first

station module. Additional modules are then added

by coordinating the shuttle RMS with the station

RMS. Many of the operations for assembling the

station could be preprogrammed into the manipula-

tor controllers. Fixtures which must be attached

to module exteriors can be manipulated by free-

flying robotic devices such as ROSS or using

special RMS end-effectors.

Manufacturln_ and Laboratory Testln_ Tasks.

In addition to assembly applications there are

many space manufacturing and laboratory tasks

which can be performed by manipulators. These in-

clude materials handling for containerless proc-

essing, welding, chemical and biological specimen

transfers, and manipulating materials to be placed

into a furnace. Rather than build specialized

tools for each of these tasks, NASA could develop

a standardized Versatile Space Manufacturing Mani-

pulator (VSMM).

The VSMMwIll be the space station equivalent

22



of the terrestrial Unimate PUMA, a manipulator de-

signed to perform a wide variety of manufacturing

and laboratory tasks. The VSMMwould be about the

size of the PUMA, with 0.5-meter links a_d a

shoulder-to-elbow 2-meter reach when fully extend-

ed, and outfitted to handle a wide variety of end-

effectors and sensors.

Despite its conceptual similarities to the

PUMA robot, the VSMM should be designed quite

differently for the space environment. It would

be senseless to deploy a PUMA on the station

because the design is not very mass-efficient.

The VSMM would look more like a scaled-down

version of the RMS, with long thin links made of

lightweight composite materials. VSMM need not be

as strong as PUMA because smaller forces may be

accommodated in zero-g -- large masses in space

can be moved with a small force at slow accelera-

tion. Since the Joint torque requirements for

VSMM are smaller than PUMA, less massive motors

and power trains can be used. A vacuum- and

radlation-hardened version of the VSMM is also

envisioned to operate in space outside of the

pressurized station. It might reduce development-

al costs to design a single VSMM with separate

versions for onboard and EVA applications rather

than to develop two separate systems. For inst-

ance, the space-hardened version of VSMM could be

used as the manipulator component of ROSS.

The main argument for developing a VSMM is

that it would be less costly than developing and

space-qualifying a number of specialized manipula-

tors. Moreover, VSMM can be applied to a wide

variety of space industrial and laboratory tasks

much as the PUMA is on Earth. PUMA designers knew

they could not foresee every future application of

that manipulator, so they made it as flexible and

adaptable as possible. If such a design philoso-

phy is adopted for space station manipulators,

VSMM is the natural result.

Satellite Servlcinz Tasks. There are many

activities related to satellite servicing that

will eventually lend themselves to robot applica-

tion but which will first be implemented via mann-

ed EVA and telepresence, such as satellite capture

and berthing for inspection, repair, or modifica-

tion. These tasks may actually be done at the

satellite orbital location or back at the space

station. Future satellites will have modular

design to facilitate repair, and robots can be

used to troubleshoot and replace defective compon-

ents. Another related duty for robots is fluid

servicing -- resupplying propellants, pressurized

gases, and cryogenic fluids that must be periodi-

cally replenished.

Space Food Services. Really palatable food,

as any culinary artist will attest, is made by

mixing ingredients together just before and Just

after the food is cooked. But even assuming that

the ingredients necessary to prepare food in space

were available aboard the space station, cooking

is very time-consuming. One obvious solution is

to construct a versatile teleopereted or robotic

chef.

The robot chef would retrieve ingredients

from well-organized refrigeration and dry storage

facilities, open containers and perform necessary

measurements, and blend ingredients together in

the appropriate way. The robot chef would be

responsible for food placement and removal from

the oven as well as recycling, restorage, and

cleanup tasks. Great human chefs on Earth could

contribute recipes to the automated space chef,

whose control computer could then derive step-by-

step plans for executing the recipes for the

astronauts. Or terrestrial chefs could remotely

operate the station kitchen facilities on a "guest

chef" basis, enabling astronauts to eat better and

making long tours of duty more palatable. Special

care must be taken to minimize the discomforts and

hazards associated with hot grease, burnt food,

and obnoxious odors.

SDaee Health Maintenance. Onboard medical

procedures performed upon people and on animal

specimens could be partially automated via tele-

presence or robotics. Major medical procedures on

humans will not be performed at the station very

often since astronauts with major illness should

be returned to Earth for treatment. Even if emer-

gency astronaut surgery becomes necessary, it

would presumably be a significant event warranting

reassignment of other crowmembers to aid in the

medical procedures. In the near- and mid-term,

medical and surgical procedures are most likely to

be performed on animal subjects and specimens; in

the far-term, extensions of these techniques might

eventually be applied in space colonies and other

large habitats where medical procedures must be

performed on humans.

The skills required in surgery cannot be

readily automated at present. Cutting and sewing

living flesh requires sophisticated manipulatory

skills, the ability to react quickly to a wide

variety of sensory stimuli, and the application of

a large amount of medical knowledge. There are,

however, other manipulatory surgery-related tasks

which lend themselves to automation by current and

near-term projected technology. Retractor-holding

is a primary example of a manipulation skill that

can be automated. Once a layer of flesh is rolled

back by a surgeon, a nurse must hold back the

flesh with a clamping device called a retractor.

A small manipulator could also hold the clamp in

place, its force sensors allowing it to react to

slight changes in the position of the specimen and

to hold the flesh in place without tearing. A

robotic manipulator could take culture swabs from

a surgeon, placing them into culture mediums

which are delivered to an automated lab for anely-

sis.

The role of the scrub nurse in surgery can

also be automated with a combination of existing

manipulator and voice-recognition technologies.

The scrub nurse is responsible for delivering to

the surgeon's hand an instrument following a one-

word command such as "forceps." One-word voice-

recognition is well-understood for small vocabul-

aries. The automated scrub nurse would maintain a

zero-g tray of surgical instruments and pass them

to the surgeon upon request. The scrub nurse is

also responsible for collecting, cleaning and re-

orienting instruments on the tray after the surg-

eon has finished with them. Sometimes retrieving

the instrument will mean locating and grasping a

floating instrument after the surgeon has let go

of it, without physically interfering with the

work in progress, which may require the flexibil-

ity of a tentacle manipulator. Additional hands

are also useful in medical procedures when some

device or body part must be held in position, as

in setting a bone.
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3.3.4 Generic Capabilities Required for Space

Station Robots

Various capabilities would make robots most

useful from the standpoint of future space station

applications. One of these is mobility, so that a

robot can easily transport itself from an

arbitrary starting point to a desired destination,

possibly by crawling or free-flying. Related

features are trajectory planning and collision

avoidance for the manipulator arm, particularly in

a constrained environment, and automatic target

tracking. Another important skill is the ability

to determine the position, orientation, and

identity of items in the field of view. The ideal

space robot would also be able to communicate with

humans by listening and speaking in a natural

language with an extensive vocabulary, and would

possess learning ability, self-optimlzation, and

fault-tolerance.

According to the NBS/RIA Robotics Research

Workshop in 1979, to achieve the fastest developm-

ent in robotics the following recommended research

areas and their corresponding percentage distribu-

tions of funding and effort should be pursued:

Binary vision (1_%); gray scale vision (12%);

off-llne programming (12%); control systems (11%);

touch, force, and torque sensing (11%); end eff-

ectors (10%); integration into CAM systems (8%);

mechanical systems (7%); simulation and modeling

(6%); safety (4%); mobility/llne tracking (4); and

others (1%). In Japan, the 1980 JIRA research

survey listed their primary research topics (in

decreasing order by number of research projects)

as: Control, locomotion, vision, tactile sensing,

manipulators, end-effectors and programming tools.

Although a considerable amount of work has

already been done in robot vision and related

areas of pattern recognition (Barrow and Tenen-

baum, 1981; Gonzalez and Safabakhsh, 1982; Gev-

arter, 1982a; Jarvls, 1982; Kruger and Thompson,

1981; Rosenfeld, 1981), much additional research

is clearly needed. Improved 3D-perception, color-

sensing, pattern recognition algorithms for image

understanding, and new spatial reasoning techni-

ques are principal areas needing immediate atten-

tion. To implement more complex real-time image

processing algorithms, improved methods of image

data compression are needed. Designing customized

VLSI chips should also greatly increase the effic-

iency of sophisticated new algorithms.

Other sensory skills must be enhanced as

well, involving not only physicial sensing but

also sensory understanding. For instance, improv-

ed tactile sensing is an area of much current act-

ivity and promlse, and the development of effect-

ive artificial skin incorporating pressure, slip-

page, texture, and temperature sensing will permit

greater robot capabilities for transporting, mani-

pulating, and identifying objects. As another ex-

ample, reasonably unconstrained voice input/output

between humans and robots will require consider-

able additional research in large-vocabulary con-

tinuous-speech recognition. (Isolated word recog-

nition is a far simpler task.) Recognition must

take place in a hlgh-noisa environment end must be

speaker-lndependent. Robots will slso need other

improved sensing capabilites, including range and

optical proximity sensors. Laser scanning techni-

ques should be developed to assist in target loca-

tion, tracking, and identification. An additional

consideration is the inherent interrelatedness of

components. Thus, a breakthrough in robot vision

may permit larger errors in tactile sensing data

without sacrificing overall performance. The int-

egratlon of sensory data within and among sensor

types is an extremely important aspect of the

overall robot performance enhancement goal.

From a mechanical perspective, future robots

will need more dexterous manipulator arms and more

adroit end-effectors, in addition to the aforemen-

tioned artificial skin. Creating the computer

software to control these more sophisticated

devices will be a major part of the development.

The use of distributed processing techniques, with

individual microprocessors controlling specific

mechanical subsystems such as joints, should be

advantageous in enhancing robot control.

3.3.5 Needed Development of Space Robotics

Technologies

The development of robotics for the space

station will be a gradual evolutionary process

that utilizes new technology as it is developed.

Probably the best example of an existing system

that may evolve toward a robotic implementation is

the shuttle Remote Manipulator System (RMS).

Background on RIDS. The _MS is a six degree-

of-freedom manipulator consisting of a 50-foot

arm, an end-effector, and on-board control devic-

es. The arm has shoulder, elbow and wrist joints

connected by lightweight carbon composite beams.

Motion is achieved by indirect gearbox control of

the Joints. Electronics at each joint provide

signals to and from motors, tachometers, communi-

cations scanners, and brakes in the motor module,

and transmit feedback from the optical position

eneoders. The simple end-effector works by

attaching itself to a grapple knob on a payload.

If needed, power and communication interfaces

through the end-effector are provided.

The RMS can be controlled in one of four

modes. Manual Augmented Mode allows Joystick

control of the arm tip. Preprogrammed Auto Seq-

uence Mode allows the selection of one of 20

preprogrammed trajectories for the arm. Command

Auto Sequence Mode allows the user to command the

arm to follow a straight-llne trajectory to a

predetermined point in 3-space. Finally, Joint-

by-Jolnt Control allows the arm to be moved by

specifying commands to the Joints. CCTV monitors

at the shuttle Displays and Controls Panel provide

visual feedback to the human user. CCTV cameras

are mounted at RMS elbow and wrist joints.

Some of the rated capabilities of the RMS are

surprising when compared with terrestrial arms.

For deployment and retrieval the RMS can manipul-

ate a payload up to 60 feet long and 15 feet in

diameter with a mass of 32,000 Ibs. A typical

Unimate PUMA manipulator is rated for only about 5

ibs.

Future Capabilities of RMS. Future capabili-

ties of the RMS include more sophisticated end-

effector assemblies and more advanced control sys-

tems. The current grappling end-effector is unus-

able except on payloads equipped with a special

grapple knob. A more versatile "hand" for the RMS

could be developed to enable it to grasp a wider

variety of payloads. An important design consid-

eration is compatibility with current RMS

grapples, so that the wider class of payloads

manipulable by the new device includes the set of
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all payloadswithexistinggrappleknobs.
TheRMS"hand"coulditself bea sophisticat-

ed roboticsdevice. TheRMSmightbeusedas a
cherrypickerto deliver, say, a robotic device to

a position near a satellite undergoing repair, or

to move an astronaut riding on a special platform.

For versatility the RMS can be equipped with a

standard end-effector interface which allows rapid

changeout of end-effectors stowed on the station

or in the shuttle cargo bay. To exchange an eff-

ector, the manipulator would reach into the

storage housing and perform a simple twlst-and-

unlock procedure to remove an effector and another

twist-and-lock procedure to attach a new one. It

may also be desirable to place the RMS on a track

to obtain an additional degree of freedom by

increasing the reach envelope, highly useful

during large-scale construction tasks.

There are some current constraints on RMS

use. For example, there is a volume in the aft

cargo bay unreachable by the RMS arm -- payloads

to be deployed or retrieved cannot be placed

there. Another small volume inside the cargo bay

near the base of the arm cannot be reached when

the end-effector is vertical with respect to the

cargo bay, making retrieval and deployment diffi-

cult. The contours of the orbiter restrict the

reach envelope of the RMS, making it difficult to

reach, say, underneath the orbiter. Yet another

constraint on manual RMS control is that the reach

envelope exceeds the field of view of the typical

operator, who watches the arm through a window or

on one of the CCTVs (which have been known to quit

unexpectedly).

In this area of control, adding spatial rea-

soning capabilities to the RMS would enable auto-

matic planning of collision-free manipulator arm

trajectories. One Justification for introducing

spatial reasoning capabilities into the RMS is

that the reach envelope of the arm subsumes part

of the volume occupied by the shuttle itself. Arm

movements are physically constrained by the shape

of the orbiter, but within the reach envelope are

windows, thermal protection tiles, and instrument-

ation and payloads in the cargo bay. A spatial

reasoning system with prediction capabilities

would be useful even if it did no more than act as

a backup warning and alarm system, stopping arm

motion when the manipulator was in danger of

collision.

The introduction of spatial reasoning and

planning into the RMS system has three principal

benefits. First, it allows more effective use of

the operator's time since only goals need be spec-

ified, not low-level commands. Second, it increa-

ses safety by adding a backup warning system,

since a spatial reasoner can predict collisions

derived from current trajectories. Finally, spat-

ial reasoning would increase RMS versatility,

allowing motion along trajectories outside the

operator's field-of-view.

In addition to the above RMS enhancements

there are a number of other important research

areas specific to robotics for space applications.

These include (I) zero gravity manipulator mechan-

ics, (2) locomotion for mobile robots in space,

(3) manipulator designs for space, (4) sensors for

robots in zero gravity, and (5) spatial reasoning

for zero gravity.

Zero-Gravity Manipulator Mechanics. Gravita-

tlonal terms drop out of zero-g dynamics equa-

tions. This implies smaller forces can be deliv-

ered at the end-effectors and smaller forces are

needed to move the manipulator itself, hence

smaller torque requirements at rotary Joints and

lighter-weight mechanisms to effect robot motion.

The mechanics of pushing, grasping and placing in

space is significantly different than for terres-

trial manipulators. This, in conjunction with the

fact that links of space-based arms can be made of

lightweight composite materials, implies that

station manipulator mass can be far less than that

of an equivalent terrestrial manipulator.

Force and torque requirements for space-based

manipulators cannot yet be precisely determined.

To solve this problem one must know the maximum

mass to be moved by the manipulator and the

maximum velocity and acceleration desired. But

since a large mass can be moved with a small

acceleration in any direction in zero-g, the

amount of force required at the end-effector can

be made quite small. It may be found that the

maximum force requirements are derived not from

the size and acceleration of the largest mass

moved, but by frictional force requirements that

arise in assembly such as peg-in-hole tasks. Once

force requirements are known, inverse dynamics

equations may be applied (Brady etal., 1982) to

solve for torque requirements.

The grasping, pushing, and placing problem in

zero-g differs from its terrestrial counterpart

because frictional forces play a lesser role, and

gravitational forces do not come into play at all.

For example, a pushed object continues in

stralght-llne motion with constant velocity until

it strikes another object. Such a constraint

makes easier, say, the task of building a manipul-

ator to catch a ball -- the ball can be made to

travel very slowly in a highly predictable trajec-

tory. On the other hand, manufacturing tasks

requiring giving an object "a little shove" become

more difficult.

Astronauts also have found that there is no

such thing as "placing" an object in zero-g. Un-

less an object is physically attached to a surf-

ace, it tends to float away. (This has obvious

implications for assembly operations in space.)

Grabbing an object in zero-g requires the ability

to grasp it from any arbitrary orientation.

Grasping from any orientation means either that

manipulators must be designed to reach objects in

all configurations or that objects must be grasp-

able in arbitrary orientations without damage.

Manipulator mechanics (statics and dynamics)

is an active area of industrial and academic

research at present. The problem of zero-gravlty

manipulator mechanics is quite unique. While we

can expect much research outside NASA to focus on

terrestrial manipulator mechanics, NASA is the

only organization likely to sponsor research in

zero-g manipulator mechanics. NASA should sponsor

this research, focusing on problems of inverse

dynamics for manipulator design and on pushing,

placing, and grasping operations in zero-g.

Locomotion for Mobile Robots in Space. Vari-

ous kinds of locomotion for mobile robots in

space, including crawling, flying and rail-follow-

ing, are possible but differ substantially from

their terrestrial counterparts. The difference is

due primarily to the absence of gravity.

Crawling in zero-g is possible only if the

robot's feet have some means of attaching themsel-

ves to a surface. Open problems include the best

choice of attachment system for various appllca-
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tions and the optimum number of legs to insure

that the mobile robot does not easily become

detached from a surface. Flying mobile robots are

possible in space (even In the interior of a space

station) but they wlll differ as much as do

airplanes and spacecraft. Stability and control

Is expected to be as difficult a problem as

controlling spacecraft in zero-g. Rail-followlng

space robots must use rails to hold the mobile

robot to the tracks, whereas similar terrestrial

robots rely on gravity to hold them down.

Various research labs are intensively invest-

igating mobile robots for civil and military appl-

icstions. Little has been done on mobile robots

in zero-g. Work on planetary surface rovers is

largely inapplicable to a space station. NASA

research on mobile robots should focus on the

problems of zero-g crawling, flying, and rail-

following.

ManiPulator Designs for Space. An analysis

to find optimal manipulator designs for space

should consider the various terrestrial mechanical

configurations of manipulators to determine which

is most appropriate for given applications. For

instance, noncontact manipulators relying on

magnetism, charge, or fluid streams to move

objects may find many applications in space.

Since gravitational forces are largely absent, it

mig.ht be interesting to attempt to position and

suspend objects in zero-g with noncontact manipul-

ators. Magnetic frictlonless bearings have been

studied by NASA for a variety of applications

(such as energy-storage flywheels) and should be

further examined for use in Joints of space-based

manipulators. Special lubrication problems arise

because fluids behave differently in space (e.g.,

convection and dripping are not possible), heavy

hydraulic gear cannot be orbited economically, and

fluid lubricants may be exposed to temperature

variations far greater than on Earth.

The mechanical design of manipulators Is

highly gravity- and application-dependent. Terr-

estrial mechanical constraints such as large mass

requirements do not arise in space. NASA should

study the problems of building manipulators for

zero-g applications, taking into account mechani-

cal design configuration options, lubrication and

drive system options, and other factors affecting

mechanical design of manipulators in space.

Sensors for Robots in Zero-G. Vision for

arbitrary orientations encountered in zero-g situ-

ations may not be developed in connection with

terrestrial applications. The emphasis in indust-

rial vision is recognition of objects in well-

ordered environments. Finding and tracking ob-

Jects floating around a space station will require

reference-frame-independent object recognition and

motion-detection capabilities. Part location and

recognition in arbitrary orientations will also be

a challenge. One possibility is to use color to

denote orientation -- the orientation of a

floating cube marked with a different color on

each face can be unambiguously determined if any

two surfaces of the cube are vlslble. Using bar

codes with multiple scanners is another possibil-

ity -- properly positioned, the scanners could

observe a bar code from many possible orientations

of the object. Recognition of objects in arbitr-

ary configurations may apply to other sensors

(e.g. ultrasonics and proximity sensors) as well

as to zero-g world-models for multisensor integra-

tion. Position and orientation sensors already

developed for space navigation may be applicable
to robots.

Robot sensors will continue to be an active

area of research for terrestrial applications.

NASA's research should emphasize the special prob-

lems of robot sensors in space. Since NASA has

great experience in other kinds of space sensors,

an effort should be made to transfer senior

technology to robotics applications.

Snatial Reasonin_ for Zero-G. Spatial rea-

soning refers to the broad class of artificial

intelligence skills needed to reason about objects

in three-dimensional space. Examples include rea-

soning with models of visualizable objects ("men-

tal imagery"), planning collision-free trajector-

ies for robots through cluttered environments,

reasoning with "commonsense physics," and under-

standing translation and rotation of objects in

zero-g. The commonsense physics of terrestrial

mechanics Is an open research question in

artificial intelligence and cognitive psychology

(Forbus, 1981), but progress is being made and an

attempt to study the applications to commonsense

physical reasoning in zero-g is warranted.

Intensive research into spatial reasoning

problems is underway in AI laboratories today.

NASA has sponsored some work on terrestrial

spatial reasoning at the Intelligent Systems

Research Lab at Langley (Wallace, 1983a,b) and at

JPL, but little has been done to specifically

address zero-g problems. NASA's support in this

AI subdiscipline should emphasize the application

of spatial reasoning and commonsense physics to

zero-g situations.

3.3.6 Spinoffs from Advanced Robotics Development

Advances in robot technology fostered by

NASA-sponsored research efforts will have many im-

portant applications in other fields. In the med-

ical area alone, x-ray analysis will be assisted

by research in robot vision; vision research may

lead to artificial sight for the blind in which

objects are located, identified, and the informa-

tion communicated via speech synthesis. Similarly

for the deaf, speech recognition systems to be

used by robots could be adapted to understand and

display words and sentences on a CRT, a set of

LEDs, or by tactile stimulation. Robotics re-

search is clearly linked to the development of

artificial limbs and other aids for the injured

and handicapped. Expert systems used to assist In

robot sensory integration will accelerate the dev-

elopment of improved medical diagnosis programs.

Robotics research supported by the space

program ultimately may benefit industry and comm-

erce. Advanced robots could serve as miners,

traffic officers, security guards, firemen, rescue

and assembly-line workers, and domestic laborers.

Other robot tasks of the future will probably

include garbage collection, bus driving, and

supermarket/retail clerk/ng. When robots can per-

form significant tasks in space, this technology

will be applied on Earth to tasks too dangerous or

monotonous for humans to perform. Hazardous tasks

might include military assignments, nuclear mater-

ials manipulation, deep marine research and explo-

ration, and handling ordinance such as bombs and

explosives. Development of robot-related expert
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systems will contribute to the economy by provid-

ing tools for predicting and planning economic

growth, and by assisting in agricultural planning,

mineral exploration, energy utilization, and

weather forecasting.

Advanced robots wlll replace some human jobs

in the future, but most applications will involve

Jobs that are boring or dangerous. Robotlcs will

permit the world's resources to be utilized more

efficiently and therefore provide more total

wealth to be shared by mankind. Robots will en-

hance, not pre-empt, human progress.

3.3.7 Summary and Recommendations

As related technology continues to evolve,

robots will play an increasingly significant role

in the space station and other space applications.

However, significant supervisory control, tele-

presence, and manned EVA will remain necessary for

the foreseeable future. The development of task

allocation methodologies is of prime importance.

Much research manpower and funding is needed

to give robots the sophisticated skills necessary

for widespread space utilization. Surely this

goal will be achieved, with enhanced robots serv-

ing major roles in future space station activi-

ties.

However, it would seem that autonomous space

robots cannot realistically be applied to such

tasks as satellite servicing until the year 2000,

although some less-challenging space manufacturing

applications are foreseen for the 1990s. This

conclusion is based not only on the required tech-

nological developments, but also on the anticipat-

ed time required to attain space qualified status

for new devices and systems as they evolve. It is

difficult to predict very far into the future when

high technology and government policy are involv-

ed, and some are more optimistic about the

schedule of robot implementation for space tasks

(Gevarter, 1982b; Freitas and Gilbreath, 1982).

NASA and the space program will benefit from

robotics research that will undoubtedly be sup-

ported by other government agencies and by private

industry. Improved robot vision and tactile

sensing are currently the two principal thrusts in

this category. But NASA itself has only limited

resources available for robotics research and

development, so expenditures should emphasize (I)

transfer of robotics technology developed by other

organizations for other applications into NASA for

space applications, and (2) special robotics prob-

lems arising in connection with applications of

robots in space.

Robotics research directly supported by NASA

and others wlll produce beneficial technological

splnoffs in many fields including medicine, econo-

mics, and agriculture. It will help relieve

humans of dangerous and uninteresting work.

Advanced robots may permit mankind to utilize its

resources, extend its control, and advance its

knowledge to a degree that until recently might

have been considered fantasy.

3.*1 H_man-Maehlne Symbiosis

People and machines interact in many dimen-

sions. Automating the space station necessitates

a careful consideration of several important

aspects of human-machine relationships -- especi-

ally function allocation, tool-using, and the ele-

ment of human-machlne mutual trust. The decision

to use a machine or tool also depends on numerous

factors such as availability and appropriateness,

initial costs, compatibility wlth existing sys-

tems, and other context-dependent factors. Few

makeshift tools or environmental resources will be

available during space emergencies or under severe

conditions, so great selectivity must be exer-

cised.

But the concept of symbiosis goes beyond mere

tool-use. Symbiosis generally refers to a mutu-

ally beneficial union or association of two dis-

similar organisms or entities. Past space miss-

ions have often been termed "manned" or "unmann-

ed," but the apparent dichotomy is illusory. The

space effort has involved an ever-deepenlng sym-

biosis between people and machines. "Unmanned"

missions have been manned by ground personnel --

if only in the teleoperated mode -- and "manned"

programs such as Apollo and Skylab could not have

succeeded without heavy reliance on automated

systems. In the context of the space station,

symbiosis implies an even more sophisticated and

comprehensive marriage of unique human and machine

talents, with each regarded as integral components

of a single symbiotic system from the very first

stages of conceptualization and design. Decision

rules must be formulated to determine how human-

machine functions can best be structured to opti-

mize station effectiveness. And just as humans

must determine when and to what degree they should

trust a machine, whether and when an automated

monitoring and control system should "trust" a

person may also be of practical importance.

3.4.1 Function Allocation

Consideration of the decision to automate

certain aspects of space station operations leads

to an important phase In system design. This is

the allocation of functions to humans and mach-

ines. At the present time there is no recognized

systematic methodology available for the alloca-

tion of functions to human operators and machines

(see Chapter 6), let alone between astronauts and

automated systems (Montemerlo and Cron, 1982).

Von Tiesenhausen (1982) provides a rational guide

by which human-machine functions may be allocated

In space applications. Advantages of human opera-

tors over machines include:

• ability to detect certain forms of energy;

• sensitivity to a wide variety of stimuli;

• ability to perceive patterns and generalize

about them;

• ability to detect signals in a hlgh noise en-

vironment;

• ability to store large amounts of information

for long periods of time and to remember relevant

facts at the appropriate time;

• ability to use judgment;

• ability to improvise and adopt flexible proced-

ures;

• ability to handle the low probability alterna-

tive;
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• ability to arrive at new and completely differ-

ent solutions to problems;

• ability to profit from experience;

• ability to perform when overloaded; and

• ability to reason inductively.

The advantages of machines over h,-,an operators

include:

• monitoring is usually done best by machine when

possible;

• performance of routine, repetitive, and precise

tasks;

• storing and recalling large amounts of precise

data for short periods of time;

• computing ability;

• quick response to control signals;

• sensitivity to some stimuli within certain

ranges;

• handling highly complex operations (i.e., doing

many different things at the same time);

• deductive reasoning ability;

• insensitivity to extraneous factors; and

• cost reduction in many cases.

Undoubtedly, computers will be employed to a

much greater degree on the space station than in

the past on Skylab and the shuttle. For example,

Price and Pulliam (1982) indicate that in terms of

allocation of functions between human operators

aria computers, computers cannot set objectives and

are poor substitutes for human operators in

pattern recognition and fault diagnosis tasks.

Computers also are unable to deal with unexpected

events or to construct innovative responses to

emergency situations. On the other hand, in an

automated system computers can unburden the human

operator and can deal with complex computations,

organize information to be displayed, and act with

incredible speed and reliability.

Wiener and Curry (1980) have described broad

design guidelines for function allocation in

automated systems which have considerable merit

for the space station. "Control task guidelines"

include:

• System operation should be easily understood by

the operator in order to facilitate detection of

improper operation and to facilitate the diagnosis

of malfunctions.

• The automatic system should be designed to

perform the task the way the operator wants it

done.

• The automatic system should be designed so as

to prevent peak levels of task demand from becom-

ing excessive.

• The operator should be trained, motivated, and

evaluated to monitor systems effectively.

• If automation reduces task demands to a low

level, then meaningful tasks may need to be added

to maintain operator involvement and resistance to

distraction.

• Desires and needs for automation will vary from

operator to operator. Thus, there is a need to

allow for the expression of different operator

styles.

• Ensure that overall system performance wlll be

insensitive to different options or styles of

operation.

• Provide a means for checking the setup and in-

formation input to automatic systems.

• Extensive training is required for operators

working with automated equipment, not only to en-

sure proper operation and setup, but also to im-

part a knowledge of correct operation and malfunc-

tion procedures.

Among Wiener and Curry's "monitoring task

guidelines" are:

• Keep false alarm rates within acceptable

limits.

• Alarms with more than one mode or condition

that can trigger the alarm for a mode must clearly

indicate which condition is responsible for the

alarm display.

• When response time is not critical, most

operators will attempt to check the validity of an

alarm. The information needed for such a check

should be provided so that its validity can be

determined quickly and accurately and not become a

source of distraction.

• The format of the alarm should indicate the

degree of emergency. Multiple levels of urgency

of the same condition may be useful.

• Designers should devise training techniques and

hardware to ensure (a) that operators are exposed

to all forms of alerts and to many of the possible

combinations of alerts, and (a) that operators

understand how to deal with them.

In their extensive analysis of automated

fllght-deck operations, Wiener and Curry reiterate

two virtually mandatory statements that can be and

usually are made with regard to automation.

First, automatic devices are very good at real-

time control while human operators demonstrate

flexibility as supervisors and standby controll-

ers. Thus, in an automated system, monitoring and

decisionmaking are usually regarded as the

appropriate human role. Second, human operators,

despite their flexibility, are held to be poor

monitors, likely to miss critical signals and

occasionally to make a false detection.

Wiener and Curry question the assumption that

automation can eliminate all human error, claiming

that it is no longer a question of whether a

function can be automated but whether it should

be. Although they direct their attention to the

automation of aircraft systems, their guidelines

for the automation of control and monitoring tasks

may apply equally well to space station systems in

addition to the usual human factor considerations.
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Anotherapproachto functionallocationwhich
appliesto boththe crewof thespacestationand
the groundsupport crew, and whichmaybe
particularly applicablein the early stagesof
spacestationdevelopmentandautomation,is the
techniqueof taskanalysis(VanCottandKinkade,
1972;McCormick,1979;Woodson,1982).Briefly,
a taskanalysisconsistsof a varietyof methods
whichdefinefor eachtask the inputsneededand
the outputsto beaccomplished.Theanalysiscan
beusedto determinetaskinformationandcontrol
requirementsprior to the selectionof equipment
to beoperatedby people. Taskanalysisis also

employed to determine skill and knowledge require-

ments, to estimate errors, to predict workload and

scheduling, to provide timeline information, and

to determine what tasks require decisions (and

what kinds of decisions) and what tasks do not.

Those functions or tasks not requiring decisions

or only very simple ones can be allocated to

machines for automation, and those requiring more

complex decisions are allocated to human opera-
tors.

The decision of whether or not to automate

determines to some extent the allocation of

functlons in a system, and will have a direct

impact on the human-machine display and control

interfaces associated with the space station (see

Chapter 4).

3.4.2 Choosing Tools

The decision to use a machine or, more broad-

ly, a tool, will depend on several factors --

availability, appropriateness for the job, simpli-

fication or enablement of task performance, ease

of training, and utility. It is not necessary to

have proof that a job is made easier or less cost-

ly in order to actually use a tool; nor are

predictions about the usefulness of a tool necess-

arily accurate, since new uses for tools are

discovered as experience with them grows. For

instance, the superiority of a word processor to

paper and pencil or a small typewriter depends on

the values of and tasks confronting an individual

user -- time involved, cost of equipment, con-

tinuing costs, the tasks to be accomplished, and

the availability of compatible electronic equip-

ment at the office or at a publishing firm

together with the costs of interface arrangements.

Analogous factors apply to the use of machines in

space settings.

Sometimes people attempt tasks to justify the

cost of acquired tools; conversely, people some-

times acquire an unusual tool because it seems

intriguing or esthetically satisfying, and later

discover it is useful for other tasks not origin-

ally foreseen or suggested by the form or function

of the tool. Mere possession of a tool can be a

strong determiner of future choices, rather than

just a means for task performance. It would seem

that the kinds of tasks undertaken in space may

depend on the facilities there, as much as the

facilities themselves depend on the existence of

worthwhile tasks independently chosen.

The decision of exactly which machines to use

in space activities has some similarity to the

decision of what tools to take along on a trip. A

person embarking upon an automobile Journey leaves

behind many possibly useful tools, assuming that

if a need arises a tool can be bought or borrowed,

the need deferred, or a professional tool user --

a mechanic -- called in. The situation in space

(at least until the establishment of orbital re-

pair shops) is more analogous to that of a wilder-

ness hiker, who needs some simple gear with severe

weight limitations, and who cannot buy or rent

tools during his trek. The hiker must choose

tools carefully for probable utility in the range

of normal situations expected, for possible

emergencies, and for weight, durability and

strength, but also may rely on resources and make-

shift tools likely to be available in the wilder-

ness environment. If the backpacker is doing work

such as geological exploration, additional

specialized tools must be taken along.

However, the space station dweller has little

in the way of pre-existing makeshift tools or

resources in the "orbital wilderness," so even

greater selectivity must be exercised, with the

added consideration that some space devices must

be able to withstand severe environmental

extremes. This ecological difference is funda-

mental -- the resident space worker lives in a

mechanized, automated habitat. At least a small

stock of unfinished material and small components

from which larger, useful things could be

constructed should be planned for the station.

The non-repalrlng nature of current space

habitation ecologies suggests an important role

for humans. Maintenance and repair will be needed

from time to time, some of it routine and easily

done, some readily mechanizable. But most will

require the kind of diagnosis and flexibility that

only humans can provide. At least one person with

superior mechanical and electronic repair skills,

along with a good understanding of what is needed

in scientific and technical development processes,

probably should be assigned to the station at all

times regardless of the composition of the habi-

tat's more temporary mission-orlented population.

3.4.3 Humans and Machines: The Element of Trust

A true symbiosis requires mutual trust. When

should a human trust a machine, and should the

trust ever be complete? There is no general answ-

er to this question. Clearly some machines

(tools, devices) should not be trusted if they are

dangerous, defective or prone to failure, or are

not well-explored. Trusting others with probable

or demonstrated reliability is certainly reason-

able, since distrust may slow action. But the

trust of machines, as with the trust of humans, is

always measured relative to who or what is being

trusted, and the kind of activity or situation the
trust concerns.

Prejudicial trust, either blindly positive or

blindly negative, is hardly reasonable, though

both are sometimes encountered when discussing the

use of machines in space. Unwarranted trust can

lead to lax monitoring and poor corrective action,

or to risky or costly situations without adequate

support. Distrust can lead to underuse, to need-

less compensatory actions, and to a failure to ex-

plore possibilities for using machines in new

activities. The whole business of testing devices

in reliability engineering is a matter of specify-

ing and Justifying trust. Unfortunately it is

seldom easy, nor even recognized as necessary, to

provide "ecologically valid" (Brunswik, 1955)

tests of devices in their normal use-environment.

Usually it is even more complex to consider test-

ing them in the context of human work arrangements

and in the extended organizations which they will

impact.
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If peoplemustgaintrust incrementally,or
throughreputation,with the largerangeof devic-

es they may encounter, this trust will be gained:

(I) If they are generally disposed to the value of

using machines (this trust may be qualified by

cues from specific machines, or knowledge suggest-

ing that some kinds are more "trustworthy" than

others); (2) if initial experiences with the

machine are safe, pleasant, and seem to accomplish

what was intended from its use in an acceptable

way; (3) if people are clearly gaining benefits

from its use; (4) to the extent that the machine,

though occasionally unreliable or quirky, permits

easy recovery from losses, hangups, and errors;

(5) if people understand how the machine works;

and (6) if the machine is responsive in giving

indication of internal or remote states, and these

indicators are generally valid.

The question of machine "trust" of humans

also enters the design of critical systems, a good

example of an engineering problem with a clear

ethical issue -- the potential effects on other

people of undeserved trust of h_man action by a

machine. In the past, people have placed faith in

stable structures and even somewhat risky ones

such as high-spirlted horses, rope bridges, and

re-entry vehicles. As a boundary proposition, it

is probably true that no machine system that could

impact human, animal, or ecological well-belng in

a significant way should be wholly inaccessible

for adjustment or override. To preclude all over-

rides assumes system designers foresaw all possi-

ble eventualities, which is unlikely.

A system's potential for damage, as best as

this can be assessed in advance of actual harm, is

a factor too. The goal of a space station

homeostatic system is to support fleet stability,

llfe conditions, and so on, but it may err. A

system designed to make new structures, or to move

things, has more potential for harm and need for

monitoring because of its less predictable uses

and greater chance of causing physical damage.

Another ease is systems specially designed to do

harm or to provide credible threats of harm,

notably weapons systems. Harm-bearlng systems

should be difficult to actuate and defeatable by

human means to the last possible moment. These

matters bear on the real basis of trust -- potent-

ial harm vs. potential benefit.

We already design a kind of "system trust"

into our computer networks -- a machine trusts

only those persons with correct identification and

password, without which interaction ceases and

alarms may even be sounded. Levels of machine

trust of humans are also reflected in access to

sensitive areas of confidential information and

internal systems codes for privileged users. If

machines are to make Judgments about how well to

trust individual people, as contrasted with mere

design biases, then those who interact with the

machines must be identifiable individually, and

either external information on their expertise fed

in ("supplied trust") or some kind of usage

statistics accumulated ("achieved trust").

Future work on distributed systems in space

locales should provide good experience with the

technology of trustable machines; as well as the

linkage of distributed machine systems with human

organizations.
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The American space station will need a contr-

ol system unlike any that has flown before. The

station also requires sophisticated monitoring to

assess its performance, to detect and diagnose ab-

normal conditions, and to help manipulate its sys-

tem states knowledgeably under automatic control.

A larger number of subsystems are planned than for

any previous spacecraft.

The space station is analogous to an intelli-

gent organism, having organs and effectors such as

the Environmental Control and Life Support System

(ECLSS) and the Power System. Much of the normal

operation of these systems can be monitored and

controlled by low-level devices ranging from sim-

ple feedback loops to dedicated microprocessors.

These low-level monitoring and control systems are

something like the peripheral nervous system in

animals. Intelligence lies at a higher level, an

analog of the human central nervous system with

intellect divided among people and computers.

Humans set the goals of space station activity.

Machines help by generating and evaluating altern-

ate choices to be presented to people for final

decision, and by diagnosing system malfunctions

and recommending or effecting repairs with varying

degrees of autonomy. The space station organism

thus may be a true human-machine symbiont.

Station monitoring and control intelligence

may be visualized as a computational hierarchy.

At the lowest levels are various sensors, effect-

ors and subsystems which mediate the bulk of stat-

ion activity. Primitive monitoring and control

systems reside at the next higher level, with adv-

ances in computer architecture and microprocessors

greatly expanding the processing power available.

Above these are the higher-level control and diag-

nostic systems, and at the topmost level are

people accompanied by their intelligent planning

tools. The highest levels require adaptive contr-

ol, real-time simulation and the use of artificial

intelligence technologies such as expert systems,

intelligent human-machine interfaces with natural

language and (possibly) learning, and supervisory

control systems. In the 1990-2000 time frame, hu-

mans will remain at the top of the station comput-

ational/control hierarchy, because AI-based high-

level supervisory or executive systems wlll not

yet be ready for implementation in manned space

systems. In the longer-term view, however, the

station may well be an increasingly autonomous ad-

aptive learning system. Implantation of signifi-

cant artificial intelligence should be a continual

process.

The discussion of station monitoring and con-

trol in this chapter parallels the three-dimensio-

nal conception of autonomy outlined in Chapter 1.

The first dimension measures the locus of control

for tasks -- do humans or computers exercise the

controlling intelligence, and to what degree?

This includes issues of space station supervisory

control and problem resolution using artificial

intelligence techniques such as expert systems and

natural language capability. The second autonomy

dimension is station task performance allocation

to humans or machines. To achieve greater effect-

iveness in monitoring and control, advanced sens-

ors, displays, and controls are required. A com-

plex network of linked microcomputers and parallel

data buses can implement a high order of effective

station autonomy. The third autonomy dimension --

locale of control -- distinguishes between Earth-

based and space-based control. Examples are pro-

vided of typical applications best controlled

either from space or from the ground.

4.1 Supervision: Locus of Control Auton_ey

The control interface between a human and

machine is characterized by the questions of capa-

bility and belief. In other words, to what extent

is the machine capable of controlling itself and

how much belief does the human have in the mach-

ine's capability? If a complex set of operations

is being performed, the human must either be able

to verify that the appropriate things are being

done, or the control technology must be considered

virtually infallible.

Control may be achieved at many different le-

vels of device performance. For instance, control

may be direct or supervisory, depending on the de-

gree of participation of the human decisionmaker.
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Decisionsfor actionmaybeadoptedbyanautomat-
edproblem-solvingandfault diagnosissystem,or
by peopleafter consultingwlth AI-basedexpert
system evaluators, using a natural language system

on the station to access critical databases. In

some cases, computers may be better equipped to

handle a problem because of their ability to res-

olve complexities and their inherent computational

speed.

2.1.1 Computer-Based Supervisory Process Control

Monitoring and control activities aboard the

space station (and to some extent on the ground)

wiAl likely involve the following situations: (I)

environmental control and life support systems

(ECLSS); (2) sources, management, and distribution

of power; (3) flight control; (4) thermal control;

(5) malfunction and warning reconfiguration; (6)

external environmental control; (7) traffic contr-

ol; (8) manipulator control; and (9) Teleoperator

Maneuvering System (TMS) or Orbital Transfer Vehi-

cle (OTV) checkout and launch. In these situa-

tions, a human operator is involved in monitoring

system equipment, in process control, and in the

diagnosis of system malfunctions. A computer-

based supervisory process control paradigm thus

appears most appropriate.

Bergman (1982) differentiates process control

systems by the degree of operator participation --

that is, by the extent to which the operator is in

the loop. In the simplest case, known as "contin-

uous management," the operator is involved in both

monitoring and control tasks on a more or less

continuous basis. More complicated is "management

by exception (or alarm)," in which the operator

remains an essential element of the loop but the

routlne monitoring of the process status is perf-

ormed automatically by the system. Deviations

from actual and desired states are signaled by an

alerting device, and the operator is responsible

for responding to warnings (provided by annunciat-

ors) by activating various controls.

A third mode of operation which appears most

relevant to space station systems operation is

"management by trouble". In this mode, computers

monitor system status and take corrective action

to the extent they are able. If a problem per-

sists beyond their ability to take appropriate ac-

tion, the computers then call upon the human oper-

ator. Thus the system may be capable of a number

of rather sophisticated responses, such as correc-

ting deviations from the desired state autonomous-

ly, indicating what has to be done to a human

operator (e.g., replace a defective module), or

requesting and assisting the operator to make a

decision on the best course of action. Operators

should be trained to retrieve appropriate informa-

tion and to use expert system advisors (section

4.1.2), and all information should be displayed in

a format which meets the operator's expectancies.

Future management by trouble systems could be

adaptive, learning correct actions after some

experience. The level of automation required on

the space station would seem to be that of

"management by trouble" (Bergman, 1982) or "Levels

I to V" as proposed by Mertes and Jenny (1974) and

described by yon Tiesenhausen (1982).

The primary supervisory computer controls the

lower hierarchy of the monitor and control system

and supports other functions such as station core

activities, laboratory experiments and production.

In addition, this computer carries an updated

model of the monitor and control system and provi-

des permanent onboard digital storage of diagnost-

ics, schematics, instructions, present control

configurations and other data necessary for maint-

enance, repair and emergency operation of the mon-

itor and control system.

Some autonomy must reside in all levels of a

practical system. Routine, robust, small-scale

tasks should be controlled in substantially auton-

omous small loops with little need for human int-

ervention. Critical, fragile, or large-scale

operations require higher-level control, possibly

with considerable human assistance. At the top-

most level, human supervision governs the ground-

space complex because, given present limited mach-

ine intelligence capabilities, only people can

serve as innovators.

Monltorln_ for Sunervlslon. It is not easy

to determine when astronauts should be alerted, or

whether the warning should occur at the space sta-

tion, on the ground, or both. One way to approach

this general problem is to consider the station as

an intelligent unit. An analogy to the human body

is useful here. There are many biological and

biochemical systems which keep the body function-

ing without assistance from the central nervous

system (CNS), but the conscious mind is never

aware of their operation until a malfunction is

significant enough to cause pain or otherwise

raise an alert. There are also biosystems which

use the CNS but over which the conscious mind nor-

mally has little control or even awareness -- such

as the autonomic nervous system which regulates

the cardiovascular system. The conscious mind can

focus on some of these systems when necessary, but

it would be very annoying to be alerted every tlme

there was a change in heart rate, cardiac output

or peripheral resistance. In the human body these

systems monitor themselves, change operating lev-

els and frequently make correction to accommodate

malfunctions. In a similar manner, the space sta-

tion monitor and control data stream should not be

presented to the crew under normal conditions.

Considering the station as a unlt wlth intel-

ligence and autonomous operations, an analysis of

continuously monitored systems can be carried out

by considering the parameters outlined below.

This analysis helps determine how the monitoring

will be implemented, where control will be locat-

ed, and what corrective actions should be taken.

The first step is to determine which systems

should be continuously monitored. An analysis

based on a breakdown of the major system into a

set of subsystems provides the most accurate and

informative result. In a continuously monitored

system the data wlll probably be handled by one or

more of the following methods:

• Not Stored (data not needed after immediate

value evaluated);

• Stored in a database on Earth;

• Stored in a database on the space station;

• Used for an audit trail; or

• Displayed (data reviewed as soon as received).

A review of the system requirements will sug-

gest data bus bandwidth needs and will help to ev-

aluate the cost/benefit ratio of monitored funct-
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ions. Datafromthemostimportantfunctionswill
probablybedisplayedandstoredwhereasdatafrom
less-lmportantfunctionsmaynot evenberecorded
oncenominalvalueshavebeenchecked.Signific-
antamountsof datawill supportanaudit trail to
providea temporalhistoryof majorsystemsandto
allowquickreviewof systemoperationin caseof
failures.

Whena non-nominalvalueis detecteda resp-
onseis requiredbyhumans,machines,or both,and
the properlocaleof decisionandactionmustbe
determined.Thenatureof theresponsedependson
the seriousnessof theabnormality.Forexample,
a three-levelresponseschememightincludethe
following: Level I -- valuesare beyondnormal
operatingrangebut thereis nota majorthreat to
systemoperationor thewell-beingof crewor sta-
tion; Level2 -- valuesaresignificantly outof
normalrange,systemoperationis probablythreat-
ened,and somecorrectiveactionmustbe taken
soon; andLevel3 -- systemis no longerfunct-
ioningandcrewor stationsafetyis in imminent
Jeopardy.Theresultsof theresponsemaybeone
or moreof thefollowing:
• TurnTheAnnunciatorOff

• ModifyTheSystemGeneratingthe Warning--
Thiswouldinvolvea slight modificationin hard-
wareor software,suchasbypassinga failing com-
ponentand/orswitchingin a redundantone.

• SwitchTo A RedundantSystem-- Thisusually
wouldmeanshuttingdownthe presentoperating
systemandbringingon-linea completenewsystem.

• TurnTheSystemOff -- Noredundantsystemis
providedthe presentsystemis in a failing mode
anOis incapableof providinganysatisfactory
outputandmaycausedamageto othersystems.

• UpgradeWarningLevel-- A lowlevel failure
hasoccurredandsomecorrectiveactionhasbeen
taken. If failure occursagain,thealarmwill be
at a higherlevel.

• ShutOtherSystemsDown-- Damagewill result
to thesesystemsbecauseof themalfunctionin the
systemproducingthewarning.
• Fault Diagnosis-- Thesystemis checkedto
determineif thewarningis correctand/oraction
is takento correctthefault. Thiscouldbedone
byeitherhumanor machine.

Theprimaryinterface for the supervisory
processcontrol systemwill bea CRTor similar
devicewith its associatedcontrolconsoleor key-
board. For dataentry, the standardQWERTYkey-
boardwouldbeemployedin conjunctionwith other
devicessuchas touchscreens,track balls and
voiceentry. English,EngelbartandBerman(1976)
foundbothmouseandlight pensuperiorto the
joystickfor dataentrytasks.

Annunciators and F_lse Alarms. Alarm or ann-

unciator signals are usually employed in conjunct-

ion with supervisory process control systems to

alert the operator to important changes in system

status. These warnings typically consist of aud-

ible and visual signals and are generated by ann-

unciator systems. An annunciator system has four

subsystems -- audible signal, visual signal, ac-

knowledgment system, and the linkage system which

Joins the others with the process being controlled

and monitored (Kragt, 1982). Annunciators may be

located locally (at the failure site), at the sta-

tion control center, or on the ground at mission

control. Alarms take a variety of forms including

audio (horn, bell, voice), light, fascia, CRT gra-

phics or alarm tables, and printers. The type and

level of the warning will determine the location

and type of annunciator, the respondent (whom the

annunciator addresses) who may be either human or

machine in space or on Earth, and the type of

action taken.

As control tasks become more automated, iss-

ues of human-machine trust become paramount (sect-

ion 3.4.3). In the past, the solution has been to

deploy extensive annunicator systems so that

warning signals are generated for every problem,

even those of a nature easily resolved by the com-

puter. But this approach hinders effective inter-

action between humans and machines, especially in

the case of false alarms. Considerable care must

go into the design of computer-based systems so

that they can take a maximum number of routine

corrective actions autonomously before an alarm

must be sounded.

For instance, a recent study by Kragt (1982)

reported that in a chemical process plant there

were 2794 separate signals from the annunciator

system over a 70 hour period. Most of these

occurred at intervals of I minute or less and only

6% occurred at intervals of greater than 10

minutes. Kragt found that no response was made to

50% of the signals. Forty-three percent of the

signals seemed to be acknowledgment of the system

to some action taken by the operator. Only 7% of

the signals required action of the operator.

In yet another study, Seminara etal. (1977)

report that nuclear power plant operators frequen-

tly complain of a high number of nuisance alarms.

Similar problems with nuisance alarms have been

found to exist in aircraft cockpits, though to a

lesser degree. Newer aircraft employ a number of

alerting signals including some voice signals

(FAA, 1977; Kantowitz and Sorkin, 1983). Greater

specificity in alarms can be achieved with voice

messages, but Cooper (1977) has pointed out the

need for prioritization so as not to overload or

confuse the pilot or operator. Cooper suggests a

limit to the number of auditory signals of perhaps
four or five.

False alarm problems also occur in medical

monitoring systems. Meaningful alarms are criti-

cal in preserving patients' lives, but the sound-

ing of meaningless alarms deadens the sensitivity

of the nursing staff. Alarms are ignored or even

disabled, and although the signals are still being

transmitted a major advantage of the monitoring

system has been lost. Sometimes even when a sig-

nificant alarm is generated it may be ignored be-

cause of the frequent false cues.

If care is taken to avoid the problem of fre-

quent nuisance or false alarms, a computer-based

system of the type described above for the space

station should achieve a higher level of reliabil-

ity by adding parallel redundancy. In this arr-

angement the human operator checks the computer's

output, and vice versa. (It is assumed that infO-

rmation from onboard computers will also be avail-

able to ground-based computers.) As automated

monitoring and control systems are being designed

for the space station, the level of human involve-

ment must be carefully considered and a justifi-

able trust designed into the computers.
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ECLSS: A Case Study. An example of a space

station subsystem which requires advanced automat-

ic control techniques is the environmental control

and life support system (ECLSS). The brief dis-

cussion below is based on the minimal and partial-

ly closed ECLSS proposed for the space station,

not on the present shuttle system which is hlghly

dependent on ground-based supplies and replaceabl-

es such as liquid oxygen and lithium hydroxide

canisters for carbon dioxide removal.

Five ECLSS design configurations (Lin and

Meyer, 1983) can be described. In the open cycle,

provisions arrive from Earth on a renewal-only ba-

sis. The enhanced open cycle employs regenerative

subsystems for carbon dioxide removal. The mini-

mum closed cycle closes the drinking water cycle

in additlon to carbon dioxide removal. The parti-

ally closed cycle closes oxygen and water cycles.

Finally, the completely closed cycle, which may

require biological processes, incorporates the

food requirements into a design creating a system

with only energy transfer across its boundary. In

order to accomplish the general objective of supp-

orting humans and other living elements on the

space station, the ECLSS must be able to perform,

at minimum, the following functions:

• Control pressurized environment;

• Provide emergency repressurization gases;

• Emergency repressurization cannot damage sys-

tems;

• Cabin pressure must be compatible with STS Orb-

iter;

• Remove objectionable odors and noxious gases;

• Monltor/control airborne trace constituents;

• Supplement atmospheric leakage of constituents;

• Limit overboard venting;

• Remove particulate matter from air and water;

• Limit air/water microbial concentrations;

• Dump atmosphere during emergency (as in case of

fire or contamination); and

• Uses gases in ECLSS that are not explosive or

fire hazards.

The integrated ECLSS subsystems are being de-

signed witn the need for continual and fault tol-

erant automatic control in mind. Though complex,

the proposed partially closed cycle would be no

more difficult to control than existing plants of

similar characteristics such as those of the chem-

ical industry and oil refineries (Quattrone, 1984;

Schubert, 1983).

Generic digital computer based automatic con-

trollers are being developed (Schubert, 1983) to

control ECLSS subsystems. It is anticipated that

these controllers will have to interact wltb other

equivalent controllers in order to minimize the

impact that interaction between subsystems could

have on the stability or general performance char-

acterlstlcs of the ECLSS. A supervisory digital

computer programmed to orchestrate the individual

controllers could accomplish this objective.
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4.1.2 Automated Problem-Solving and Fault

Diagnosis

Decisions for action are usually the result

of either a considered process of problem resolu-

tion or the response to an unexpected situation

which appears to require immediate attention. The

process of problem resolution may be done by a hu-

man with the aid of data supplied by other humans

or by a variety of machines. Certain classes of

computer programs may take on the major burden of

problem resolution, with some input from a human

collaborator. In some cases, a computer may be

better equipped to handle the problem because of

its resolution capabilities or inherent computa-

tional speed, or because it is better able to int-

egrate the problem's enormous complexities. The

computer can be supplied with rules of procedure

drawn from a human expert and can be expected to

follow these rules in much the same way that a

knowledgeable human would. These software systems

are sometimes called "expert," "knowledge-based,"

or "rule-based." In general, expert systems can

best be used to address problems that are well de-

fined, restricted in scope, and which can be pro-

cedurally solved by a human expert.

Recent advances in expert systems and knowle-

dge engineering (Oevarter, 1982; Nau, 1983) may

provide a useful tool for hlgh-level space station

planning, monitoring, interpretation, and control

functions. Expert systems operate in a manner de-

termined by hi,man procedures, and can be verified

by users to be following human-orlglnated rules.

This verification is supplied on demand and is es-

sential to human belief in the results. Expert

systems are Just now evolving out of the research

stage. They have been moat successful in problem-

solving applications such as medical diagnosis,

molecular structure and spectral analysis, milit-

ary threat evaluation, crisis management, electro-

nic circuit analysis, and mineral prospecting.

However, they also hold substantial promise for

providing a control mechanism where interpretation

is required. For example, the shuttle has five

flight computers, each constantly making Judgments

as to whether it and the other four are operating

correctly. This Judgment is displayed as a 5x5

pattern of lights on the shuttle command console.

Three of the computers are in use at any one time.

Currently, an astronaut interprets the display to

decide which computers should be used. An expert

system could relieve humans of this task rather

easily.

Expert systems are a promising methodology

for automating much of the decision process regar-

ding fault diagnosis and correction procedures.

An even more complex concern is the ground moni-

toring and control of space missions. Currently,

many personnel are needed -- about 400 people

every shift for the shuttle. On Skylab, seven

people per shift were required Just to control

power load balancing. This type of control could

be partially handled using a mlxed-lnitlative exp-

ert system able to respond to data on an except-

ion basis. Most current expert systems collect

data from a broad range of sources, some not part-

icularly relevant to the solution of the problem

at hand. An exceptlon-driven, mixed-initlatlve

expert system would respond to information passed

to it of an exceptional nature, informing the

crew, for example, "CABIN PRESSURE REDUCED TO 5

PSI" and then initiating requests for additional

data that might be relevant.



Expert Systems: Basic Structure. Search

strategies alone, even if augmented by heuristic

techniques, are often inadequate to solve real

world problems. The complexity of these problems

is usually such that either a combinatorial explo-

sion occurs causing unreasonable search times, or

the ability to generate a suitable search space

does not exist. In fact, it has become apparent

that for many problems the expert domain knowledge

is more important than the search strategy (or

inference procedure) -- in knowledge lies the

power. This realization has led to the field of

"knowledge engineering" which focuses on ways to

use expert knowledge in problem solving. The re-

sulting expert systems technology, once limited to

academic laboratories, is now becoming cost-

effective and is entering commercial application.

An expert system consists of (I) a knowledge

base of domain facts and heuristics associated

with the problem; (2) an inference procedure (or

control structure) for utilizing the knowledge

base in the solution of the problem; and (3) a

working memory for keeping track of the problem

status, the input data for the particular problem

being resolved, and the relevant history of what

has been done so far. A (human) domain expert

usually collaborates to help develop the knowledge

base. Once the system has been developed, it can

help human experts in developing their own exper-

tise.

It would be desirable to have a true natural

language interface (see section 4.1.3) to the

expert system to facilitate its use, but this re-

mains an unsolved problem. A few systems do have

a pseudo-natural language interface. Explanation

modules allowing the user to examine the system's

underlying reasoning process are necessary in a

fully functioning system. Indeed, it was the ex-

planatory capability in the MYCIN (Shortliffe,

1976) project that brought user credibility to ex-

pert systems.

An expert system differs from a more conven-

tional program in several important respects (Duda

and Shortliffe, 1983). In an expert system, there

is a clear separation among general knowledge

about the problem (knowledge base), information

about the current problem (input data), and meth-

ods for applying the general knowledge to the

problem (inference engine). In a conventional

program, knowledge pertinent to the problem and

methods for utilizing this knowledge are intermix-

ed so it is difficult to change the program.

Ideally, in an expert system the program is only

an interpreter and the system can be changed by

simply adding or subtracting rules in the know-

ledge base.

The most popular approach to representing the

domain knowledge needed for an expert system is by

production rules (see section 6.2). Often a know-

ledge base is made up mostly of rules which are

invoked by pattern matching with features of the

task environment as they appear. Additional ways

of representing the domain knowledge are "frames"

and "semantic nets." All three representations

are generally isomorphic. However, it is probably

easier for a human expert who is not conversant

with artificial intelligence techniques to think

in terms of production rules.

The rules in a knowledge base represent the

domain facts and heuristics -- rules of good

Judgment to determine actions to be taken when

specific situations arise. The power of an expert

system lies in the specific knowledge of the prob-

lem domain. All else equal, the most powerful

systems are those containing the most knowledge.

An expert usually has many judgmental or empirical

rules for which there is incomplete support from

the available evidence. In such cases, one appro-

ach is to attach numerical values, called

"certainty factors," to each rule to indicate the

degree of certainty associated with the use of

that rule. The expert system combines these cert-

ainty values with each other and with the certain-

ty of the problem data to arrive at a net certain-

ty value for the final solution.

As indicated earlier, expert systems consist

of a set of rules, a global data base, and a rule

interpreter or inference engine (see section 6.2).

The rules are activated by patterns which, depend-

ing on the direction of search (e.g., bottom-up,

top-down), either match the IF or the THEN side of

the rule. The application of the rule changes the

system status and enables some rules while disabl-

ing others. The ru/e interpreter uses a control

strategy for finding the enabled rules and decid-

ing which rule to apply. The basic control strat-

egies used may be top-down (goal-driven), bottom-

up (data-drlven), or a combination of the two that

uses a relaxation-like convergence process to join

these opposite lines of reasoning together at some

intermediate point to yield a problem solution.

Expert systems can be used to diagnose,

monitor, analyze, interpret, consult, plan, de-

sign, instruct, explain, or learn. Thus they are

applicable to mission planning, monitoring, track-

ing and control; to communications; to signal a-

nalysis; to command and control; to intelligence

analysis; to targeting; to construction and man-

ufacturing (design, planning, scheduling and cont-

rol); and to education (testing, instruction, and

diagnosis)

Current systems are limited primarily by

three characteristics. First, they have a narrow

domain of expertise, largely because of the diffi-

culty in building and maintaining a large knowled-

ge base. Second, expert systems require laborious

construction. At present, a knowledge engineer

must work with a human expert to extract and

structure the knowledge to be placed in the know-

ledge base. In general, it has been difficult to

create knowledge acquisition systems to extend the

knowledge by direct interaction with a human ex-

pert without the aid of a human engineer. Third,

current systems reflect the viewpoint of a single

expert or "knowledge czar." AI specialists in ex-

pert systems currently lack the ability to main-

tain consistency among overlapping data in the

knowledge base. Therefore, the pooling of know-

ledge by several experts to extend the limits of

the represented knowledge and to enhance the repr-

esented knowledge is an unresolved issue requiring

further research.

System Evaluation and Fault Diagnosis. Syst-

em evaluation involves the continuous assessment

of spacecraft and ground support performance in

achieving desired mission objectives. This inclu-

des assessment of the state-of-health of the

spacecraft and its components, and its suitability

for further activities. The evaluation can incl-

ude modeling of system status to diagnose failures

and to detect potential failures. For example, in

the event of a sudden power loss, the type and

cause of the problem must be diagnosed. It must

be determined whether there is an actual power

loss in a component, such as a solar array or lab-

oratory module, or if there is a sensor or
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software error.

To perform fault diagnosis of spacecraft com-

ponents, a system will often have the ability to

recognize that it has failed or will soon fail.

The system will then act to make its controlling

system (such as a human operator or a computer

controller) aware of its degraded condition. This

can occur, for example, by the sounding of a

buzzer or the illumination of a red warning light.

Another method of determining proper operation is

to perform data checks on a system by comparing

its output data to a system model and evaluating

consistency and plausibility (Smith et al., 1982).

Such data checks are a nonintrusive procedure

which operate on normally available data. Checks

can be performed by a human who would, for examp-

le, examine system output (possibly in the form of

a computer printout) for inconsistencies. Checks

can also be automated and conducted by computers

or dedicated microprocessors. There are some

tradeoffs involved in automating this function

which must be considered -- humans are better than

machines at detecting some types of anomalies, and

vice versa.

Function tests are an intrusive fault diagno-

sis procedure in which commands are sent to apace-

craft systems requesting that specific actions be

taken. Performance is monitored and compared to

expected levels to ensure all systems are nominal.

As with data checks, the results of function tests

can be evaluated by humans, computers, or by dedi-

cated microprocessors. But a very important part

of the operation, preceding the actual performance

of these evaluations, is deciding which evalua-

tion to conduct. This involves the formulation of

hypotheses to explain the anomalous data and iden-

tification of suspected defective hardware or

software.

The usual method for deciding which procedure

to follow in identifying or correcting a shuttle

flight failure is to reference checklists constru-

cted in advance and containing, it is hoped, all

possible failure modes, the means for identifying

them, and what to do about them. Checklist devel-

opment is exceeding/y time consuming and expens-

ive, and the difficulty rises exponentially with

increasing spacecraft complexity. Preparation of

shuttle flight checklists is nearly an unmanage-

able task already -- a new approach is needed for

the space station. Expert systems are a promising

methodology for automating much of this decision

process. While expert systems are restricted to

consistency verification in checklist development,

their potential utility in the checkout process

itself is very high. These AI systems are driven

by rules much like the items in a checklist. An

expert system could successfully identify any pro-

blems identifiable through the use of a checklist.

And checklist procedures are often relatively un-

focused and inefficient as humans try to recogni-

ze and define problems. Expert systems have the

potential to quickly identify key problem areas.

Indeed, according to Smith et AIA (1982), ex-

pert systems may become not only desirable but ne-

cessary in future spacecraft missions. The tradi-

tional philosophy is to anticipate all possible

one-polnt and two-point failure modes during the

design process, and to design either safeguards or

recovery systems to deal with possible problems.

However, as spacecraft complexity increases, the

prediction of all failure modes and effects becom-

es combinatorlally enormous. At the same time,

on-orblt repair systems will become available,

such as the shuttle, the Teleoperator Mmneuverlng

System, and possibly repair teleoperators aboard

the spacecraft itself.

This suggests an alternative to the total-

failure-prediction criterion. It may be sufficie-

nt to load a detailed functional representation of

the spacecraft (or space station), including the

relationships between components (particularly the

effects of component failures on other components)

into the relational database of an expert system.

Then the expert system can perform two services.

During design it can systematically search for

severe failure combinations, to be designed out of

the spacecraft; after launch, it can assist in

(or perform) failure diagnosis, suggest potential

solutions, and verify that proposed solutions will

cure the problems. The repair systems can then

implement those solutions.

While expert systems can perform many lower-

level component evaluations and diagnoses, in the

near-term astronauts will still conduct higher-

level system evaluations of performance to achieve

desired mission goals. A wide variety of factors,

many of which cannot be anticipated in advance,

must be taken into account. People are particu-

larly good at this.

Intelll_ent Assistants. Intelligent assist-

ants represent the panoply of Al-based hardware

and software systems that will provide intellectu-

al and operational support to the space station

crew. Simple computation algorithms are useful

where the knowledge may be expressed in terms of

equations as with spacecraft guidance systems, and

basic information retrieval such as the daily

schedule can be done using standard database sys-

tems technology. But these programs are generally

inflexible in that the knowledge is hidden in the

code itself and therefore requires a programmer to

deal with updates and modifications. Artificial

intelligence will impart added capability, flexi-

bility, and a new measure of user-frlendliness to

onboard computer systems, contributing signifi-

cantly to station autonomy and effectiveness.

For example, rather than imposing schedules

on station crewmembers from the ground, an intell-

igent assistant can work with the crew to estab-

lish a schedule for attaining a set of goals. Use

of facilities can be scheduled taking into account

the nature of the requests and the specific capa-

bilities of deployed station modules. Intelligent

assistants can enhance satellite servicing or con-

struction missions by helping to plan the required

activity sequences and detecting abnormalities and

modifying plans accordingly. Inventory mainten-

ance, including acquisition of new items either by

manufacturing them in space or by ordering them

from the ground, can also be performed. If the

space agency charges fees for using laboratory,

manufacturing, computer or communications facilit-

ies and for expendables consumed, intelligent ass-

istants can monitor usage directly and compute

current charges for each customer. Other intelli-

gent assistants might be used to monitor the stat-

ion radiation environment or to maintain constant

vigil against potential collisions with other

space objects.

Of course, some of these functions can be

performed without AI techniques -- flight control

and inventory control programs can be implemented

easily with off-the-shelf systems. But more soph-

isticated approaches and increased capabilities

will require AI technology. For instance, the in-

ventory control assistant may decide to make a re-
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placement part by creating it from onboard materl-

als; or the flight assistant may need to take

into account a motion sensitive experiment in pro-

gress elsewhere in the space station complex.

Software Reliabilltv. Credibility. and Confi-

dence. Program verification, software engineer-

ing, and automatic programming are three major re-

search areas in computer science that are concern-

ed with creating reliable software. Program veri-

fication is a methodology for mathematically prov-

ing programs to be correct. Software engineers,

on the other hand, develop software design techni-

ques which are coupled with empirical program tes-

ting. Automatic programming is a software techno-

logy in which one program writes other programs to

match given specifications.

The area of program verification has its

roots in the development of Hoare's logic -- an

accurate description of the state of a computation

at each step of program execution through a set of

logical predicates. Each statement in the program

transforms the computational state as specified by

the semantics of the statement itself (hence

Hoare's logic). This is generally rigorous enough

so that a program analysed in this fashion or
written with these transformations in mind can be

proven correct, thus providing 100% confidence

that the software is correct. The theory may also

be used to create automatic programming systems.

If a program can be verified, and all assumptions

are well-defined and complete, then there is a

high degree of certainty that the software does

what it is supposed to do. The problem of relia-

bility is passed on to the hardware.

One of the reasons why this technology has

not been widely accepted as standard procedure is

that it relies heavily on defining the problem to

be solved accurately and completely, and on compl-

etely specifying the initial set of assumptions

from which the computation starts. Neither is a

trivial task, and how to use the logic on itself

to achieve automatic verified programming is un-

clear. The process is somewhat analogous to dis-

covering a mathematical proof of a theorem. Al-

though theorem-provlng is an active research area

in AI, only small, well-constralned proof domains

can be accommodated at present. The only alterna-

tive is to prove the correctness of previously

written code. This is more mechanical than using

the logic directly to write the program, but even

so, problems remain in finding invarlant condi-

tions during loop execution and in keeping track

of the many predicates invariably generated.

Other difficulties with program verification

technology are more intrinsic. For instance, not

all programming languages have well-defined seman-

tics. Even supposedly well-defined languages such

as Pascal have ambiguities and inconsistencies. A

number of languages have been developed to try to

address this issue, including Modula, Clu, and A1-

phard. Also, it is difficult to apply Hoare's

logic to programs using interrupt processing such

as real-time programs -- interrupts may be servic-

ed at any time, so it is impossible to predict the

state of the computation at a given point in prog-

ram execution. Unfortunately, many of the crucial

time-dependent software applications for the space

station fall under this category, such as monitor-

ing life support systems where malfunctions must

be addressed in real-time.

Software engineers are concerned with creat-

ing large, complex software systems. To accompl-

ish this, a careful analysis of the problem defln-

ition is first performed by generating a complete

set of specifications and test data. Then the

software system is designed in a "top-down" fash-

ion by starting with the overall problem and suc-

cessively refining the design. These refinements

usually involve breaking down the package into

smaller modules that can be independently design-

ed. Ultimately, submodules are created at such a

simple level that routines can be written with a

high degree of reliability. The major goal is to

generate software systems that are easily under-

stood, maintainable, and updatable. Through a

greater understanding of the software system, it

is hoped that the possibility for error is greatly

reduced and that when an error does occur, its ef-

fects are limited and are easily corrected. By

addressing the issue of maintainability and updat-

ability, software engineering tries to deal with

the difficulties inherent in an evolving software

system -- an important factor as regards software

development for the space station.

Another promising solution to the problem of

software reliability is automatic programming.

Although the difficulty of trying to define the

problem completely (using software engineering

techniques) remains, the automatic programming

system can be drawn upon to actually write the

code. Results from the field of program verifica-

tion can be used to drive the creation of the

software. Since the automatic programming system

is keeping track of the predicates and is running

the transformations automatically, the resulting

program can almost be guaranteed to execute accor-

ding to specifications. Of course, the specifica-

tions defining the end product must also be veri-

fied.

From the standpoint of generating human conf-

idence in machines, AI offers bright promise for

the future. For example, there is quite a bit of

research being performed in the area of "common-

sense reasoning" -- naive physics, understanding

and dealing with people's beliefs, applying gener-

al knowledge about the world to specific situa-

tions, and so forth. By mimicking human common-

sense reasoning, an intelligent space station sys-

tem could recognize anomalies, notify the crew,

and possibly deal with the situation itself. Much

basic research remains to be done in connection

with these systems, and it is unlikely that compl-

etely error-free software systems or machines will

ever actually be built. Still, efforts should be

made to produce software and hardware that works

with the highest practical degree of reliability

possible. The fields of fault-tolerant computing

(possibly including expert system troubleshoot-

ers), software engineering, and program verifica-

tion provide the keys to software reliability.

4.1.3 Natural Language and Station Information

Management

A natural language is a symbolic communica-

tion medium devised by people to communicate with

other people. Although "natural language" is

sometimes broadly defined as including such things

as body language, usually it has the narrow tech-

nical meaning of a written or spoken language such

as English. Natural languages should be distin-

guished from formal languages which use some ele-

ments of a natural language. Truly natural lang-

uages are flexible in terms of word order and word

meaning.
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FIG011E _.I. DATA REPRESEMTATION ALTERNATIVES FOR SPACE STATION DATABASE MAMAGDmmlT $I_T_4S
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Thespecificgoalof anAI-basednaturallan-
guagesystemaboardthespacestationis to enhan-
cehuman-to-machineandmachine-to-humancommuni-
cations. Theastronautmaywish to tell the
machineto dosomething,or the machinemayneed
to provideinformationto someone,bothof which
are best accomplishedin a natural language

format. It may be desirable for the machine to

supply information in a natural language both in

response to requests and on its own initiative.

For instance, the system could respond to the

spoken command "ROTATE INSTRUMENT POD NINETY

DEGREES" or it could initiate the message "FIRE IN

STORAGE LOCKER A12."

Natural language can be either spoken or

written, and significant research has been done on

both forms. Understanding spoken input is more

difficult than understanding written input. This

is because without a partial understanding of what

is being spoken, it is difficult to separate one

word from another in normal continuous speech --

which compounds the problem since some comprehen-

sion is required even before the utterance is com-

plete. Pauses in mid-word may be larger than pau-

ses between words. The only speech understanding

systems that currently work reliably are those

requiring lengthy pauses between each spoken word

of a restricted vocabulary. For the most part,

work has been terminated in the continuous speech

understanding projects. The few remaining proj-

ects do not attempt to recognize or understand

words, but only to phonetically annotate utteranc-

es. It is obvious that natural language communi-

cation with machines would have considerable util-

ity, but it is not yet clear exactly how to do it.

Database access via natural language on the

space station is also desirable. Natural language

database query systems have three characteristics

that aid their analysis: (1) The portion of a

natural language's syntax that must he covered is

a subset of the syntax of the entire language;

(2) the pragmatic use of language in queries lim-

its the semantic interpretations of a statement;

and (3) the analysis can be significantly guided

by the assumption that a statement is a request

for data from a known database. The application

closest to practical realization is that of a nat-

ural language interface to a database. An ideal

natural language would be highly domain portable,

requiring minimum modification to be moved from

one subject or domain of discourse to another.

Currently, there is a lack of significant research

in domain independent natural language systems.

Most natural language research is based on provid-

ing a means to describe the discourse domain so

that the "world model" of the domain can be used

to comprehend the natural language statement.

Abstracted forms of natural language descrip-

tions such as semantic networks (Figure 4.1(A))

may eventually be useful as a means of accessing

high-level knowledge. Using an abstracted form

provides a description of a problem "world" that s

problem solver can use to draw inferences and

understanding of relationships. These in turn can

be used in the resolution of problems that relate

to that "world." However, while natural language

communication techniques are close to being use-

ful, natural language abstractions to supply

knowledge remain the subjects of basic research.

Using a computer to handle natural language

is a difficult and complex undertaking. Consider-

able effort has been spent on the problem begin-

ning with the earliest computers. One of the com-

pounding difficulties is that linguistic theory

has proven to be incomplete and not particularly

helpful with decoding natural language on a compu-

ter. It is not known if the complexities of the

problem are finitely bounded, because natural lan-

guage is highly expressive, ambiguous, and semant-

ically very context-dependent. However, identify-

ing the particular word role (e.g., verb, noun,

adjective) and phrase boundary recognition may or

may not be context sensitive (Gazdar, 1983). Word

meaning may be either narrowly precise or relativ-

ely imprecise. For example, the term "hot" may be

used in a two-valued mode (e.g., hot or cold) or

be used relatively and fuzzily (e.g., "hot food").

Meaning resolution is difficult even when not dea-

ling with multi-valued or fuzzily-defined terms.

For example, in the statement "John tickled the

girl with the feather," is John using a feather to

do the tickling, or is he tickling (method undis-

closed) a girl who has a feather?

Natural Lanmua_e Systems: Background and

Brief Tutorial. In the late 1950s, significant

efforts (Bar-Hillel, 1960) were expended in an at-

tempt to perfect machine translation from one hum-

an language to another. Because of an inadequate

awareness of the need for semantic analysis and an

insufficient theoretical basis from linguistics

for syntactic analysis, these efforts failed to

produce effective machine translation systems.

The most significant contribution from these proj-

ects was an awareness of the syntactic and semant-

ic sophistication required for natural language

processing. The exact roles that syntax and sem-

antics play in natural language processing are not

yet clear, but current natural language systems

can be classified by the kind and the amount of

each type of analysis used in the system.

Syntactic analysis is concerned with the gra-

mmatical structure of natural language statements.

Several different syntactic models have been used,

including context-free grammars (Earley, 1970),

transformational grammars (Woods, 1970), and case

grammars (Simmons, 1973). Case grammars are verb-

centered grammars that attach to the verbs in a

sentence those cases that are needed by each verb.

The cases used vary from grammar to grammar. Typ-

ically the cases define the subject and object of

the verb. Context-free transformational grammars

are designed to provide a basis for representing

the meaning of statements. Context-free grammars

are common in database query systems and case gra-

mmars are most frequently used in natural language

understanding systems.

Semantic analysis is concerned with the "mea-

ning" of a statement. The nature of the semantic

component of a natural language system is often

dependent on the syntactic analysis method with

which it is used. The most common semantic meth-

ods are syntax-directed. These assign semantic

interpretations to syntactic structures, an appro-

ach similar to that used in modern compiler design

(Aho and Ullman, 1977). Other semantic methods

give syntax a smaller role to play in identifica-

tion of a statement or text meaning. These types

of analysis are aimed more at development of the

underlying "deep structure" of the statements.

Schank (1975) uses a world model and an inference-

making mechanism to discern the semantic meaning

of a statement. Some systems (Winograd, 1973) use

a hybrid approach to semantic analysis including

both syntactic analysis and a world model in the

semantic component of the natural language proces-

sor.
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In additionto thesebasicsyntacticandsem-
antic analysistechniques,a numberof alternate
semanticor internalrepresentationshavebeende-
veloped.Theserepresentationsare thetargetof
the syntacticandsemanticanalysismethodsand
represent the semantic meaning of the original na-

tural language statement in a format more amenable

to further processing. Representations devised to

date include semantic nets, frames, parse trees,

templates, and deep structure, described briefly

below.

Semantic nets (Scragg, 1976; Simmons, 1973;

Mylopoulos et al., 1976) are a graphic representa-

tion of information. A semantic net consists of a

set of concept nodes connected by a set of edges

whose labels define the semantic relationship bet-

ween the nodes. The concept nodes usually repres-

ent word sense meanings often taken from a dict-

ionary or lexicon. The nature of the semantic re-

lationships In a Semantic net differs among diff-

erent implementations of semantic nets. A type of

semantic relationship commonly used is the verb

argument structure of a case grammar. Semantic

nets can be used for two fundamentally different

purposes. First, they can be used as the internal

representation into which ,mtural language state-

ments are translated by a natural language proces-

sing system. Second, they can he employed as a

world model, in which case the concepts and seman-

tic relationships In the net describe the activit-

ies and characteristics present in the environment

being modeled.

A frame (Minsky, 1975; Goldsteln and Papert,

1976) is a data structure for representing a ster-

eotyped environment. The data structure contains

information which is always true In a given envir-

onment. It also contains slots for other attribu-

tes of the environment which are not fixed. These

slots will be filled in as the necessary informa-

tion becomes available in a specific instance of

the environment. Arbitrary restrictions may be

placed on the values that are permitted to fill a

given slot. A slot may have a default value ass-

igned to it, assumed to flll the slot unless dis-

placed by contradictory information from the envl-

torment. For example, consider the sentence "John

tickled the girl with the funny nose." The frame

for the verb tickle would have empty slots for the

agent (the person doing the tickling), the object

(the person being tickled), and the instrument

(what the agent is tickling the object with).

Associated with each slot in the frame is a list

of items that could fill it or a description of

the kind of item that may fill the slot. Whether

frames should possess direct knowledge (a list) or

indirect knowledge (a description) of the items

that can fllla given slot Is an unresolved ques-

tion in frame theory.

Parse trees may be used as the internal repr-

esentation in a system that uses syntax-directed

translation. Under this approach, dictionary or

procedural definitions of words and semantic rules

with tree fragment pattern matching are used to

attach semantic interpretations directly to the

syntactic structures of a statement (Woods, 1970).

For some grammars the parse tree for a statement

may not be unique. When multiple parse trees

exist for a statement the semantic analysis must

select the appropriate parse. If the statement is

ambiguous, then it will be impossible to select a

single parse.

The template representation method is often

used in natural language query systems (Waltz and

Goodman, 1977). Templates are stereotyped state-

merits that are matched against the input state-

ment; if a statement matches a template, a seman-

tic interpretation of the statement can be made.

For example, the template: "<command word> <des-

ired information> <quantifier> <required attribut-

es>" matches the query "list the name and phone

number of all French-speaklng employees."

Deep structure Is used as the target for

transformational grammars (Schank, 1975; Wilks,

1977). Deep structure is intended to represent

the meaning of a statement in a form that is inde-

pendent of the surface or syntactic structure of a

statement or even of the source language itself.

Various implementations of deep structure have

been suggested (Wilks, 1977). Schank (1973)

claims that "any two utterances that can be said

to mean the same thlng...should be characterized

in only one way in the conceptual (deep)

structures." Implicit in this claim is the notion

that any idea which can be expressed in any

language can be characterized by its unique deep

structure. However, the developers of the Eurotra

translation system (King, 1979) have found it

necessary to use a different deep structure for

each language included in the translation system.

Natural Language in Database Management. It

is very important that the data management system

for the space station be planned In the very be-

ginning stages of station design, and not institu-

ted as an afterthought. According to Smlth et al.

(1982), NASA should consider developing a computer

simulation and data management system for satell-

ites, to be implemented end-to-end, i.e. from the

original mission definition, through spacecraft

design, manufacture, test, integration, launch,

on-orbit checkout, nominal operations, spacecraft

modifications, and fault diagnosis and handling.

Such a system would enhance communication between

mission supervisors and reduce documentation

costs. Important objectives are that each indivi-

dual should have access to all the data, and that

paper should become secondary to the computer as a

communication medium.

In addition, Brown and Cheeseman (1983) note

that "an outstanding opportunity, perhaps a neces-

sity, exists for the application of computer-alded

engineering to the space station. The knowledge

base that is now beginning to grow with the Space

Station Task Force and the concept studies being

conducted by the aerospace industry needs to

become part of the space station kmowledge base

that will be used throughout its lifetime, from

original concept to perpetual maintenance. As

such, it must be guided not only by the essential

standards for compatibility, such as standard

character codes, but also by the principles of

knowledge base construction that are being discov-

ered, tested, and formulated in the course of re-

search in artificial intelligence. Many databases

that have been or are being developed for non-AI

applications can be incorporated in AI systems

without difficulty (parts lists, for example).

However, when knowledge (e.g., deolslon rules) is

the basis for decisions that may require explana-

tion or modification, such knowledge must be repr-

esented in a way that wlll facilitate the needed

explanation or modification. If thls is done for

databases connected with the space station, a good

foundation wlll then have been created for other

station subsystems that will utilize the original

space station knowledge base and embody artificial

intelligence."
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BrownandCheesemanfurtherrecommendthat an
"earlyapplicationof artificial intelligencewill
guidethe developmentof the spacestationdata-
basesto makethemmorecompatiblewithAI techni-
ques,aswell asprovidinganopportunityto test
andverify databases.AI shouldbe introduced
into the designof the spacestation on a
selectivebasisat first, but eventuallywith a
sufficiently broadscopeto encompassthe entire
knowledgebase. All databasedevelopmentfor the
spacestation, includingIPADdatabases,shouldbe
plannedfor eventualoperationwith AI systems.
Themanagementof the spacestation project, in
both its developmentand its implementation,
shouldbesupportedbyanexpertplanningsystem."

In thebroadestsense,datamanagementcanbe
usedto includeall of the elementsinvolvedin
the processesof datacollection, definition of
datastorageorganization,storage,communication,
andeventualdissemination.However,currentus-
agein computersciencehasnarrowedthe defini-
tion to focusonthecomputer-basedprocessesthat
store,organize,andaccessdiscretedataitems.

Computer-storeddatacanbekeptin anorgan-
izedstructureknownasa "database." Most data-

bases are "preformatted" in that both their logic-

al and physical organization are defined before

any data is stored within them. In larger comput-

er installations, a single person (the database

administrator) is responsible for the definition

of the structures of the databases in use.

Because it is difficult to foresee exactly how all

the items in a database are going to be used,

preformatted databases may become inefficient or

unwieldy. For this reason, additional research is

needed on self-organizing databases.

Databases are often imbedded within a data-

base management system (DBMS). The general pur-

pose of a DBMS is to provide an interface between

the user's environment and the structure holding

the contents of the database. Numerous DBMSs have

been developed using a wide variety of different

ways of relating individual data items to each

other. Probably the most popular current DBMS is

IBM's "IMS" which stores data in a tree-like hier-

archical data structure (Figure 4.1(B)).

Current thinking among workers in the data-

base area is that a relational or set-theoretic

view of data organization (Figure 4.1(C)) is sup-

erior. Several DBMSs claimed to be relational

have been developed, though not all can properly

be labelled as relational. Relational DBMSs range

from those requiring a large mainframe computer

(e.g., R*) to those that can fit on a microcomput-

er (e.g., dBase II). None has yet achieved market

dominance.

Access to the material stored in a database

is usually achieved through a query statement pro-

gramming language which acts as a bridge between

the application program environment and the envir-

onment provided by the DBMS. Sometimes query lan-

guages can only be used to access or manipulate

data stored in the database. In other cases the

database query language can be included within a

general purpose language. For example, DL/I is

the query language for IBM's IMS database manage-

ment system. DL/I can be imbedded within PL/I,

COBOL, and assembler. Other DBMS query language

statements cannot be included in another programm-

ing language. The advantage of including a DBMS

query language within another programming language

is that the query language need only assume the

burden of database access and can leave all other

data manipulation and reporting functions to the

host language. The advantage in having a separ-

ate, special purpose query language is primarily

efficiency, at the cost of decreased flexibility.

In the environment of a space station, it is

inefficient to require astronauts to write their

own programs to access a particular item in an on-

board database. It is better to allow natural

language access. To accomplish this, either the

DBMS package must provide natural language capabi-

lity or else a natural language interface must be

provided between the human user and the programm-

ing language used to access the database. In ei-

ther case, the analysis of a natural language

query statement is much the same. A separate in-

terface has the distinct advantages of (I) being

more flexible by accommodating the use of a

variety of different database management systems,

and (2) the problems of database development and

natural language understanding are kept separate

and thus do not complicate each other.

There are five important advantages in using

a natural language as a database access language:

(I) A large number of potential computer users are

unwilling or unable to learn and use formal compu-

ter languages; (2) for at least some applica-

tions, natural language provides the ideal commun-

ication medium (Grishman and Hirschman, 1978); (3)

potential users already know their natural lang-

uage so little training in its use as a query lan-

guage is needed; (4) natural languages are power-

ful tools for the expression of certain non-mathe-

matical ideas and concepts -- it is unlikely that

formal languages can be developed that express

these ideas as well as natural languages can; and

(5) the immediacy and flexibility of information

retrieval are significantly improved when end

users retrieve the data themselves rather than go-

ing through an outside technical expert -- regard-

less of who inputs the request.

The process of converting a natural language

query into a programming language statement that

can be understood by a computer is essentially one

of mapping an informal language, such as English,

onto a more formal language, such as DL/I. A

comprehensive understanding of the initial natural

language statement, while perhaps desirable, may

not be necessary. As an example, for the query

"HOW MANY DOGS ARE BLACK?" it is not important for

the computer to understand the basic nature of

dogs.

Whether or not natural language understand-

ing of database queries is necessary to the proc-

ess of query resolution is a matter of current re-

search. Some investigators (Mazlack and Feinauer,

1982) are concerned with minimal semantic techni-

ques while others (Scbank, 1976, 1981; Schank and

Burstein, 1982) believe that a rich world model is

necessary. Minimal semantic techniques, sometimes

called "surface structure methods," attempt to

accomplish query resolution without developing

human-like cognitive understanding of the query.

Deep-structure methods, on the other hand, utilize

rich world models and attempt to accomplish query

resolution by developing human-like understanding

of the query. Surface methods hold the promise of

easier implementation and domain portability.

Deep-structure adherents admit higher development

costs and domain inflexibility with their approa-

ch, but maintain that the problem cannot be resol-

ved otherwise. The proper form of the knowledge

representation remains an open question in deep

structure theory, the dominant approach in the Un-

ited States. Work is proceeding on both approach-

es in Europe.
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_.2 Technology Systems: Tank Performance

Autonomy

Aside from the locus of monitoring and contr-

ol intelligence, another monltor/control autonomy

issue is the allocation of physical tasks among

humans and machines. The most basic such task is

environmental sensing (section 4.2.1), a function

best left largely to machines. However, the int-

erpretation and utilization of sensed information

is a principal research area restricting space

station machine autonomy and requiring significant

human participation.

The human-machine interface is another major

technology area critical to the implementation of

effective monitoring and control in space station

automation (Montemerlo and Cron, 1982). Much

information is already available and the develop-

ment of good interfaces will involve the applica-

tion of existing human factors data. Displays

(section 4.2.2) and controls (section 4.2.3) are

the primary human-machine interfaces which will be

employed on the space station.

A complex network of linked microcomputers

and parallel data buses supports and sustains

space station monitor/control autonomy (section

4.2.4). Station controllers -- microprocessor-

based digital computers -- are responsible for

maintaining the environment within a stringent set

of tolerances, distributing power to devices based

on equipment need and power system potential, mon-

itoring adjacent space, and maintaining a fleet of

manned and unmanned platforms. Network buses all-

ow access to data by any controlling computer,

making possible automatic self-correction by indi-

vldual failed controllers. A multi-computer-based

network with multi-accessible channels and modules

for distributed controls_ interactive supervisor

consoles, and automatic ground communications,

provides a "nervous system" for the intelligent

space station.

4.2.1 Sensor Technologies for Space Operations

Systems gain information about their environ-

ment via sensing. Human beings typically rely

upon vision, hearing, touch, taste, and smell.

These senses provide us with information necessary

for the mechanical control of our surroundings.

The capacities and limitations of man's senses are

compiled in yon Tiesenhausen (1982). Mechanical

sensing amplifies and augments human senses and

enhances machine capabilities. The design of app-

ropriate sensors is thus a key part of space robo-

tics and telepresenee system development.

Sensors respond to physical stimulus and

transmit a signal containing information about the

stimulus to a controller or operator. The most

direct approach is to implement the flve human

senses, in hardware. There are two aspects to

this problem -- (I) detection and (2) intelligent

integration and interpretation.

For detection, current technology already

exceeds human capabilities in vision and hearing.

Force and torque sensors are currently available,

and progress has been made on tactile sensors (to

measure slip and pressure distribution) although

these are not yet commercially available. No true

olfactory sensors exist, although some sensors can

detect the presence of certain gases. Odor detec-

tion has potential for early warning of leaking

gases or liquids on the space station, but, In

general, smell is not as important as vision,

hearing, and touch for overall effectiveness.

Taste sensing has little relevance to currently

projected activities. Thus, the machine implemen-

tation of the five human senses Is not a central

problem. Rather, the interpretation and utiliza-

tion of sensed information is the principal re-

search area restricting space station task perfor-

mance autonomy.

Additionally, in robotics and telepresence

system design many "senses n not known to be poss-

essed by humans are avallable, such as particle

radiation detection, infrared wavelength imaging,

relative motion/ranging, and electric/magnetic

field sensing. Robots and teleoperators can po-

tentlally surpass the human capability to sense

the physical parameters of £he world around them.

Sensor technology allows tasks (normally requiring

the presence of humans In space) either to be per-

formed from the ground or to be fully automated.

Sensing plus appropriate interpretation permits

the extension of human capabilities to the perfor-

mance of tasks that would otherwise not be possi-

ble.

For example, radar uses millimeter wavelength

electromagnetic radiation to find and identify co-

operative (capable of emitting or amplifying a si-

gnal) and non-cooperatlve targets. The angular

resolution of radar becomes very poor within 200

meters of a target. Accurate long-range docking

information can be obtained using radar similar to

the shuttle Ku-band system. Technologies develop-

ed by the FAA for alr-to-alr collision avoidance

might prove useful on the space station to warn of

impending impacts with large nearby objects or

local debris. Unfortunately, state-of-the-art ra-

dar systems remain highly classified because of

their military applications.

Proximity sensors are short-range devices to

determine nearness to a designated target. A

proximity sensor for the shuttle Remote Maneuver-

ing System (RMS) grapple has been developed and

tested (Albus, 1979; BeJczy, 1980). The informa-

tion returned by such a sensor is useful in tele-

presence and robotics applications, especially in

obscured-vlsion environments.

Laser radar (lidar) employs a laser to deter-

mine the position, velocity, orientation and iden-

tification of passive cooperative targets. Such

targets do not actively respond to the laser radi-

ation, but have retroreflectors at strategic loca-
tions to reflect radiation back to a detector near

the laser source. Laser ranging offers accuracies

beyond the capability of any other technplogy.

Systems have been developed to align large space

structures and the technology is potentially use-

ful for automated docking systems.

Spacecraft orbital position and velocity are

determined by onboard navigation systems, ground

tracking, and other external reference systems

such as the NAVSTAR Global Positioning System

(GPS). GPS is a passive nevlgatlon satellite sys-

tem proposed for operation after 1985 using highly

accurate atomic frequency standards to determine

three-dimensional position, velocity, and time on

a continuous worldwide basis. NAVSTAR will be

useful in colllslon-avoldance, rendezvous and

docking, navigation, survey and mapping, aircraft

landing, and many other applications. For inst-

ance, the system offers 10-meter absolute position

accuracy and 2-meter relative position error bet-

ween two receivers employed for collision avoid-

ance (Logsdon, 1982; Fell, 1980).

Laser optical scanners are co.only used in

grocery stores to read identification codes on
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productsat thecheckoutregister. Asimilarsys-
temcouldalloweasyidentificationof spacestat-
ion componentsto facilitate inventorymanagement
or automatedpartsrecognition,andwouldbeinex-
pensiveandeasyto implement.Recognitioncodes
shouldbe providedon all spacecraftandspace
stationpartsandsuppliesto enablefutureimple-
mentationof this technology.Evenif a decision
is madenot to useoptical scannersin the near-
term, thereis little harmor costin requiring
unusedrecognitioncodesonall equipment.

Forceandtorquesensingpermitthe control
of physicalloadsappliedto objects. Thisinfor-
mationcanbe passeddirectly to a telepresence
operatoror usedbyautonomouscontrolsystemsto
ensureaccurateforceapplicationsothat struct-
ural and operationallimits are not exceeded.
Forceandtorquesensingis a maturetechnology
requiringlittle furtherdevelopment.Forcelev-
els canbemeasuredbystraingaugesor byelectr-
ical currentin the actuatormotorapplyingthe
force. Torquesensorsincorporategeometrically-
alignedstrain gauges.Forspaceuse,fiberoptic
strain andcurrentsensorsare less sensitiveto
thermaldistortion andelectromagneticinterfer-
ence(ThlelandKurtzman,1983).

Tactile sensorsprovidetextureinformation.
Twobasictypesof tactile sensors,touchsensors
andslip sensors,havebeendeveloped(Bejczy,
1980). Touchsensorsaremultipointproportional
detectorswith a pressure-conductlveplastic grid
patternto senseforcedistribution. Slip sensors
usea rolling sphereto measureomni-directional
slippageandits directionandrate. Slip inform-
ationis usefulin teleoperationandroboticsapp-
lications whereend-effectorsmaylose traction
with manipulatedobjects. Presenttouchandslip
sensorsystemsare in breadboardformonly,with
datadisplayedonTVmonitors.Nomethodhasyet
beendevisedto permitdirect tactile communica-
tion withhumanoperators.

Opticalimagingsensorssuchasvideocameras
are critical for operationsin space. Small
black-and-whitecamerashavebeendevelopedand
space-qualifiedfor useon pressure-suithelmets
duringEVA.A color videosystemcouldprovide
valuablecuesfor remoteviewersto aid in scene
recognitionandunderstanding(ThielandKurtzman,
1983),andsmalllightweightCCDcolorcamerasare
underdevelopment.Imagesfromtwovideocameras
canbecoordinatedto give stereocapability,and
wlde-angleandzoomcameraswouldalsobebenefi-
cial. Optical sensorswill exceedhumanvisual
resolutionandfield of view,andfuture sensor
requirementswill bedrivenmorebymachinethan
byhumanvisionneeds(ThielandKurtzman,1983).

Infraredimagingsensorsutilize thermography
to obtainthermalprofilesof a structureto eval-
uateits thermalbehavior.Thermographyhasbeen
usedto studythe spaceshuttleuponreentry,and
a temperatureprofile accurateto within 10-20OK
wasobtained(O'Lone,1982).In oneexistingsys-
tem,an infraredscannersignal is processedand
suppliedto a standardblack-and-whiteTVmonitor
in an aircraft cockpitwherea real-timehigh-
resolutionimageis displayed.Sucha systemcan
beusedfor searchandrescue,securitysurveill-
ance,powerline andsubstationinspection,forest
fire control, pipelinecontrol,andin variousag-
ricultural applications(Scott, 1982). Thermal
imagingmayalsobeusefulto evaluatestructural
characteristicsin stresscontourandcrackdevel-
opmentstudies(MountainandWebber,1978).

Acousticsensorsmeasuresoundfrequencyand

intensity. Thesecanbe usedinside the space
station to monitorcrewactivity andas an input
channelfor a voice-actlvatedcontrolsystem.For
example,acousticsensorsplacedin a modulecould
sensea humanpresenceandadjust the lighting
conditionsautomatically.Thesesensorsarealso
usefulin testingfor structuralfailure. Acoust-
ic signalsarepassedthrougha structureandthe
responseis recorded.Anylarge deviationsfrom
normalresponsemayindicateflawsor failures in
thestructure.

4.2.2 SpaceStationDisplays

Theprimarypurposeof a displayis to comm-
unicateor to conveyinformation. Plannersmust
makeaninformedselectionof displays(andcontr-
ols) likely to beinvolvedin spacestationactiv-
ities suchas EVA,supervisorycontrol of ECLSS,
or telepresence.Manyexistingdisplaysare not
operator-optimal,butmaybeimprovedby(1) know-
ingwhatinformationis needed,(2) ensuringqual-
ity andappropriatecodingof informationpresent-
ed, and(3) providinganappropriatespatialand
temporalconfigurationof the informationwithin
thedisplay(MontemerloandCron,1982).

Twobasicprinciplesshouldbekept in mind
in the developmentof spacestation displays.
First, displaysshouldbestandardizedas to how
andwhereinformationis to bepresented.Second,
properdisplaysrequirestimulus-responsecompati-
bility, alsoknownasdisplay-controlcompatibili-
ty, displaycontrolmovementexpectancies,or pop-
ulationstereotypes.Thisrefers to the expected
relationshipsbetweendisplay movementand the
movementof a control (Bralnerdetal., 1962;

Fitts and Seeger, 1953; Greenwald, 1970; Kanto-

witz and Sorkin, 1983; Woodson, 1981; McCormick

and Sanders, 1982; Chapanis, 1972). There should

also be compatibility between two displays which

present the same information. The observance of

these principles in the design and implementation

of display (and control) systems greatly reduces

operator error. Indeed, the current military hum-

an-engineering standard (DOD, 1981) regards them

as general requirements.

Selection of Sensory Mode. One of the first

steps in deciding how to display information is to

determine the appropriate sensory channel, whether

visual, auditory, or tactile. Visual systems are

good at imparting spatial information -- it is

very easy to locate an object in space using

vision, and large arrays can be presented to the

operator and assimilated as long as instruments

are positioned together (as in an airplane cockpit

or a workstation). The auditory system does not

convey spatial information as well. Visual maps

are easier to use than verbal directions, and it

is more difficult to localize objects in space

acoustically. However, the human auditory system

provides a better temporal sense than vision --

the ear can discriminate audio events separated by

only 3 milliseconds, compared to 30 milliseconds

for the eye. The tactile system, though little

used as a channel of communication except in spec-

ial circumstances, lies somewhere between visual

and auditory systems in both spatial and temporal

information processing. For example, the tactile

system, while not as good as vision in processing

spatial information, is generally better than the

auditory system (Geldard, 1968), and the minimum
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dermalresponsetime is about10milliseconds.
Thereexists a wealthof tabular informationon
the capabilitiesandlimitationsof humansensory
systems(VanCottandKinkade,1972;Huchingson,
1981;yonTiesenhausen,1982).

Eachsensorysystemhascertainadvantages.
For instance,if anoperatoris requiredto move
arounda control room,a spacestation, or a
groundstationin orderto monitorseveralcontrol
panels,the auditorysystemhassomeadvantages
overthevisual-- a flashinglight mightgounob-
servedbut a bell or synthesizedspeechsignal
wouldbelikely to alert theoperatorto a potent-
ially hazardoussituation. Boththetaskandthe
conditionsunderwhichthehumanis operatingmust
beexaminedwithcarebeforea sensorychannelfor
displaycanbeselected.In thespacestationen-
vironment,visual andauditorydisplaysarepref-
erable.

SPeed and Load in DisPlaYs. Speed refers to

the rate at which displayed information is

changing. As the rate of information presentation

rises, operator speed stress increases (McCormick

and Sanders, 1982; Reason, 1974). Load refers to

the number of channels of information the operator

must monitor. The greater the load, the greater

the load stress. Several steps may be taken to

reduce the effects of speed and load stress on

station operators. One example is a supervisory

control system to reduce operator workload. This

would monitor the state of a particular system,

take corrective actions, and call on the operator

only when the supervisory system had exhausted its

repertoire of corrective actions for a particular

problem. Prioritization of speech signals is ano-

ther way to reduce speed and load stresses, parti-

cularly in the auditory channel.

The major roles of space station operators

will be monitoring, decisionmaking, and management

(Montemerlo and Cron, 1982). Thus the design of

the human-machine interface is crucial to station

effectiveness and success (Brown etal., 1983;

Card, Moran, and Newell, 1983; UCSD, 1983; Smith

and Aucella, 1983). Guidelines governing product-

ive, non-stressful, and user-friendly human-compu-

ter interactions need to be identified and applied

in the early phases of space station design.

A related consideration is the problem of

mental workload (Cbiles and Alluisi, 1979; Moray,

1979; Ogden etal., 1979; Williges and Wier-

wille, 1979; Wierwille, 1979). There is no univ-

ersally accepted definition or metric of workload,

a theoretical concept closely related to operator

stress and effort. Chiles and Alluisi (1979) use

the term to refer to the combination of oceupa-

tlonal demands for action imposed on the human op-

erator.

However, operational definitions based on

workload measurement are more common. Quantifica-

tion of workload has been based on behavioral (Wi-

lliges and Wierwille, 1979) and physiological

(Wierwille, 1979) measures. Behavioral measures

typically include subjective opinions (rating sca-

les, interviews, questionnaires), spare mental ca-

pacity (the secondary task technique), and primary

task considerations (single measures of primary

task performance). Wierwille (1979) reviews a

large number of physiological measures of work-

load, among which the most promising are pupil di-

lation, evoked cortical potentials (event related

potentials), and body fluid analysis. Considera-

ble work remains to be done in order to find an

acceptable definition of workload and a metric or

set of measures that adequately reflect mental

workload. Further research is needed to accurate-

ly determine crew workload in zero-g and to estab-

lish criteria for acceptable workloads as a funct-

ion of time and stress. The benefits of such res-

earch include improved crew performance and avoid-

ing loss of flight objectives.

Visual DisDIaVS, There are four basic types

of visual displays: (I) Numerical or quantitative

information displays; (2) qualitative or status-

reading displays; (3) setting or feedback dis-

plays (a value is entered via a control which then

appears on the display); and (4) tracking dis-

plays, which present directional or command infor-

mation. Tracking displays, the most versatile of

these, require users to keep two indicators align-

ed (Adams, 1967).

Tracking displays may be pursuit or compensa-

tory. Pursuit tracking displays usually have two

indicators which must be kept aligned -- the input

or "target," and the output or "follower." The

operator's task is to align follower and target.

Compensatory tracking displays use a fixed refer-

ence marker plus an error marker which displays

the error or difference between target and follow-

er.

Pursuit displays provide knowledge-of-results

(KR) (i.e., when the operator manipulates a contr-

ol, the effects on the follower are immediately

observed) and facilitate prediction of target

movements. Compensatory systems indicate magni-

tude of deviation, not which marker has moved, so

KR and predictability are lost under most condi-

tions. However, compensatory displays are physi-

cally more compact and easily fit into an aircraft

cockpit instrument panel, whereas a good pursuit

display may not. It is expected that instrument

panel space will be at a premimum on the space

station. While a pursuit display almost always

allows better tracking task performance than a

compensatory display, compensatory systems do as

well for slow (up to 2 Hz) and predictable (e.g.,

sinusoidal) target motions. Johnson and Roscoe

(1972), following the work of Senders and Cruzen

(1952), show that hybrid pursuit and compensatory

displays combine the advantages of both -- for

instance, by allowing the fixed reference marker a

small amount of movement.

_vmbolic and Pictorial Disolavs. Displays

which provide continuously changing information

(e.g., velocity or orientation) and those which

present discrete information (e.g., warning sig-

nals) can be divided into symbolic and pictorial

systems.

Symbolic displays provide abstract informa-

tion, usually alphanumeric, and are the standard

instruments found in aircraft, automobiles, and

nuclear power plants. There are three main types

of symbolic displays: Counters, providing a fast

accurate reading of basically slow-changing infor-

mation; and circular and linear displays, with

fixed scales and moving pointers or fixed pointers

and moving scales, used to indicate temperature,

pressure, power, or other variables which require

a numerical value and some indication of the dir-

ection of change. Circular and linear displays

present both quantitative and qualitative informa-

tion, and operators have certain expectancies.

For example, a variable such as altitude or cabin
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pressureusuallyincreaseswhenthepointermoves
in the clockwisedirection, but the relationship
is reversedfor thefixed-polnter/moving-scalear-
rangement.Spacestationsymbolicdisplaysshould
include countersalongwith flxed-scale/moving-
pointerdisplayswhennon-pictorialinformationis
required.

Pictorialdisplaysareamorerecentdevelop-
ment. Thesetake advantageof past perceptual
learningto presenta pictorial model,analog,or
representationof the real world, whileat the
sametimeintegratingseveraldisplayfunctionsor
datatypesinto oneconsolidatedsystem.Pietori-
al displayshavebeenused in aircraft and in sub-

marines, and fall into one of three classes: (I)

Horizontal, situational, or downward-looklng; (2)

vertical or forward-looklng; and (3) sideways-

looking.

Horizontal displays create a pictorial repre-

sentation of the physical position of a vehicle

operating in three dimensions, projected onto a

horizontal plane beneath it (e.g., a "downward"

view). A good example is the map-type display,

which integrates in a single exhibit information

from the magnetic compass, the course selector di-

al and the directional gyro. This system has been

used for flight navigation and successfully reduc-

es navigational errors near air terminals (Roscoe,
1968).

Vertical pictorial displays are used in

flight control to monitor forward translation and

attitude of aircraft and spacecraft. A good exam-

ple is the computer-aided contact analog display,

which depends upon past perceptual learning and

attempts to present a model or analog of the real

world. The contact analog displays either command

information telling the operator how to move a

control or what to do, or error information show-

ing deviation from a prescribed path.

Sideways-looking displays involve a projec-

tlon onto a vertical plane parallel to a vehicle's

position or flight path, often with the basic dim-

ensions of elevation or altitude vs. range or

speed. Pictorial integrated displays could be

useful on the space station for monitoring orbital

position, representing the station relative to a

fleet of space platforms, for fleet management,

for monitoring the position of the station rela-

tive to Earth, and in telepresence operations.

Head-UD. Historical and Predictive DisPlaYS,

The head-up display (HUD) was originally developed

for low-altltude high-speed flight or nap-of-the-

earth flying. It usually consists of a partially

silvered mirror placed between the observer and

objects in the field of view. Information is pre-

sented by reflection from a CRT or fiberoptic bun-

dle source using collimated light. By employing

collimated light, the observer, when focusing on

the information, is essentially focusing at infin-

ity, thereby allowing a more relaxed visual accom-

modation. The observer can read or resolve and

process the information presented on the HUD, but

also can focus on targets well out in front with-

out having to shift fixation and accommodation. A

helmet-mounted head-up display could present data

on pressure suit visors, permitting information to

be transmitted to space station astronauts during
EVA.

Historical displays provide a chronology or

audit trail of past conditions or values of a par-

ticular variable over time. A strip chart record-

er is one example (Kantowltz and Sorkin, 1983). A

more useful historical display for the space stat-

ion is a CRT showing data stored in the computer

concerning the past behavior of a control variable

-- especially helpful in implementing adaptive

features in a computer-controlled system.

Predictive displays, usually associated with

control, are useful in telepresence operations

(Thiel and Kurtzman, 1983). One form of predictor

display extrapolates the condition of a particular

variable into the future, given that no further

control movements are made or that the control is

returned to a neutral position. Recent advances

in computer-aided modeling show that predictive

displays are potentially useful in eliminating

many telepresence limitations imposed by time

delays.

Location and Patternin_ of DisplaYs. The lo-

cation, arrangement and patterning of displays al-

so is significant. Displays are best positioned

according to the sequence of their use in perform-

ing a certain function. Link analysis (Woodson,

1981) can determine optimal display arrangements.

Link analysis is a human factors technique used to

assist in redesigning displays, their layout, and

the layout of controls and other equipment. Nume-

rical values are assigned to links between devices

based on relative frequency of binary interaction,

frequency of intercommuniciation, and the relative

importance of Inter-element links. Displays can

also be grouped by function so that wlthln-funct-

ion tasks can be handled more easily. Another ar-

rangement is simply to locate the more important

displays in the center of the visual field and the

less important ones peripherally. When the impor-

tance of a display is not relevant, the frequency

of use becomes the primary criterion for a central

location within the field of view (Kantowitz and

Sorkin, 1983).

When a large number of displays must be moni-

tored simultaneously for nominal check reading,

the dials may be patterned to facilitate the de-

tection of an abnormal reading (McCormick and San-

ders, 1982). For example, pointer positions can

be oriented to form symmetrical patterns, or the

pointers on dials could be oriented in the same

direction to indicate normal status. Human opera-

tors aboard the space station may have to monitor

many different systems such as the ECLSS, so dis-

play patterning for check reading is advisable.

DisPlay Technology for the SPace Station.

The primary human-machine interface on the space

station will most likely be a high-resolution CRT

or flat-panel videoscreen capable of displaying

alphanumeric and graphic information. This inter-

face must also be able to present a computer grap-

hic display of gauges for monitoring, have addres-

sable pages for process control systems, and use

map- and tracking-type displays for navigation and

fleet management (assuming there are free-flying

platforms near the station). Television displays

could be used to augment station-to-ground and EVA

communications. For teleoperator manipulation, a

televlsion-type display with the capability of

superimposing computer graphics could be used to

aid satellite servicing and other tasks. In all

cases, and particularly where form perception,

depth discrimination, and coding is important,

videoscreen color should be employed. Displays

and controls should be augmented with predictor

and quickening (display augmentation using control
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signalfeedback)attributes. The general integra-

tion of display information is compatible with the

implementation both of supervisory control of

telepresence and of supervisory process control.

A second application for display technology

is the use of auditory (Van Cott and Kinkade,

1972) and visual alarms and warning signals assoc-

iated with various monitoring tasks in space stat-

ion operations. Alarms or annuciator systems will

also be employed in conjunction with supervisory

process control to alert operators to important

changes in system status. Annunciators may incl-

ude horns, graphic fascia and panels, position

switches, CRT graphics and alarm tables, and alarm

printers (Kragt, 1982). The most common and simp-

lest of auditory displays are alarms with an

attention-getting quality and that provide a brief

and concise message while alerting the operator

regardless of his exact location. Detection by

human operators is maximized using combined audit-

ory and visual signals (Colquhoun, 1975), and also

by forcing the operator to take action to termin-

ate the warning (one function of acknowledgment in

annunciator systems).

The selection of auditory signals should con-

form to prior learning and conventions. The prin-

ciple of compatibility also applies to the encod-

ing of auditory signals (McCormick, 1976; Huch-

ingson, 1981). For instance, wailing sirens are

associated with emergencies and thus should not be

used to signal non-emergency events. Other prin-

ciples of auditory display selection are relevant

to the development and operation of an annunciator

system for space station supervisory process cont-

rol, including: (1) Approximation (using one sig-

nal to alert the operator to more specific inform-

ation to follow); (2) dissociability (using audi-

tory signals easily distinguished from background

sounds); (3) parsimony (minimizing the number of

distinct auditory signals); and (4) invarianee

(standardized signal meanings). Nuclear power

plants are replete with nuisance alarms, and newer

aircraft employ an excessive number of alerting

and voice signals. Greater specificity in alarms

is needed on the space station, and this might be

achieved by the use of speech or voice signals if

these are limited and prioritized so as not to

overload or confuse the operator (Cooper, 1977).

Speech synthesis provides an additional and

powerful means of displaying information, and all-

ows differentiation of vocal signals by changing

speech characteristics such as frequency and by

the use of male and female voices. Speech synthe-

sizers have only recently overcome serious limita-

tions in reliability, cost, and voice quality.

Their use is increasing rapidly -- typical consum-

er and commercial systems now available include

Chrysler's Electronic Voice Alert, the Speak-and-

Spell educational toy from Texas Instruments, and

aircraft cockpit voice warning systems mandated by

the FAA. Most speech synthesizers model the exci-

tation and resonance characteristics of human voc-

al tract physiology (Michaelis and Wiggins, 1981,

1982). There are several techniques for producing

synthetic speech, each with its own advantages and

limitations. Two of the most commonly used meth-

ods are linear predictive coding (LPC) and phoneme

speech synthesis (PSS). The LPC synthesizer uses

an analysis/synthesls format and provides a good

quality of synthetic speech but is limited in voc-

abulary, whereas the PSS synthesizer uses a synth-

esls-by-rule format and has an unlimited vocabul-

ary but poorer voice quality. Speech warning sig-
nals in which intelligibility is paramount, as in

a noisy space station environment (Chambers,

1983), should probably be produced by an LPC syn-

thesizer. Intelligibility can be estimated using

short-cut techniques such as the articulation in-

dex (Chapanis, 1959; McCormick and Sanders, 1983).

PSS is better for prolonged interactions with a

computer where a large vocabulary is necessary.

What are the relevant decision rules for us-

ing visual or auditory displays? Michaelis snd

Wiggins (1982) suggest a number of guidelines dir-

ectly applicable in space station planning. Spec-

ifically, visual output should be employed when

the message: (I) is complex, contains technical

or scientific terms, or uses terms with which the

user might not be familiar; (2) is long; (3)

needs to be referred to later; (4) deals with

spatial orientation or the location of points in

space; (5) lacks urgency; and also when (6) the

auditory channels are overloaded with messages,

signals, or sounds to which the user must pay

attention; (7) the auditory environment is too

noisy; (8) the user may remain in the same posi-

tion to view displayed messages; and (9) system

output consists of many different kinds of inform-

ation which must be displayed simultaneously, mon-

itored, and acted upon by the operator. Michaelis

and Wiggins recommend synthesized speech when the

message: (I) is simple; (2) is short; (3) does

not have to be referred to at a later time; (4)

deals with events in time; (5) requires an immed-

iate response (e.g., a warning signal); and when

(6) the visual channel of communciation is

overloaded; (7) the environment is unsuitable for

the transmission of visual information; (8) the

operator must be free to move around; or (9) the

operator may be subject to high G-forces or anoxia

which can affect the visual reception of informa-

tion before it affects the auditory system.

4.2.3 Space Station Controls

Controls facilitate communication between

people and machines and enable execution of human

commands and goals. Controls are of two main

classes -- discrete controls (on-off controls such

as push buttons or toggles, and position controls

such as TV channel selector dials); and continu-

ous controls (such as the volume knob on an FM

tuner). Kantowitz and Sorkin (1983) suggest that

discrete controls are preferred to continuous con-

trols when: (I) there is a limited number (say,

less than 25) of control states; (2) numerical,

alphabetical, on-off or yes-no information is

needed; or (3) only small mechanical forces are

required or available. Continuous controls are
recommended whenever: (I) there is a large number

of control states; (2) the operator must exert

substantial force; or (3) speed of operation is

more important than accuracy of control setting.

Controls can also be classified as linear or

rotary. Linear controls move in a straight llne

(e.g., pushbutton, toggle switches, and slides)

while rotary controls move in an arc (e.g., tele-

phone dials, volume and tuner controls, and door

knobs). There is no well-established basis for

choosing between linear and rotary controls.

Design Considerations for Controls. Human

factors design considerations applicable to stand-

ard controls must be taken into account in the de-

velopment of any complex human-machine system such

as a manned space station. These considerations
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shouldaid in the reductionof operatorerror.
Forinstance,in eachcasetheappropriatecontr-
ol/dlsplay(C/D)ratio mustbeselected-- theam-
ount of control displacementrelative to the
amountof displaymovement.A high ratio means
that a largecontrolmotionproducesa relatively
smallmovementof the displayelement.HighC/D
ratiosaregoodfor fine adjustmentswh_lelowC/D
ratiosgiveshorttravel times. JenkinsandConn-
er (1949)foundthat thereis anoptimumC/Dratio
for eachcontrol-displaycombinationwhichusually
must be determined empirically for each combina-

tion of display and control. However, Buck (1980)

shows that movement time also depends on target

size when C/D ratio is held constant. Human fact-

ors evaluation is recommended for determining im-

portant space station control-display relation-

ships.

To reduce operator error, especially reversal

errors, control-display compatibility or expec-

tancies must be observed. Reversal errors occur

when a control is moved in the opposite direction

from what is intended. (E.g., one would expect a

control lever to be moved down to lower aircraft

landing gear and moved up to retract it.)

Movements of the part and the function of the part

being controlled must taken into consideration

from the point of view of the operator's

expectancies.

For example, Huchingson (1981) reports that

the control for sweeping back the wings of the F-

111 (to provide a high-speed flight configuration)

did not initially meet pilots' expectancies. The

control was designed so that its forward movement

resulted in a swept back configuration leading to

higher vehicle speed; pulling back on the control

led to a more swept forward wing configuration and

a slower airspeed. However, the pilot expectancy

was that moving the control backwards would sweep

the wings back, and vice versa. The control was

changed to conform to the pilot's expectancies of

the movement of the part rather than to the nature

of its function.

Controls should be spaced far enough apart to

prevent, or at least severely limit, the possibil-

ity of accidental activation of another control.

Adherence to the principles of anthropometric des-

ign in the work station (i.e., those factors which

take into account static and dynamic measurements

of the dimensions of the body) should reduce this

possibility.

Substitution errors can also result in the

manipulation of the incorrect control. These err-

ors can be reduced by proper coding. For inst-

ance, the shape of a control can be coded, often

in the form of its actual purpose. If the operat-

or reaches out blindly or quickly, the correct one

will be located by touch. Other methods of coding

include color, texture, size, placement, and

labeling.

There will be controls on the space station

which are to be used only under emergency condi-

tions or whose accidental activation might lead to

damage, injury, or to the degradation of station

functions. To prevent this, some controls may be

recessed, provided wlth a cover, guard, or inter-

lock device, resist movement, or require a lock to

prevent the control from passing through a criti-

cal position without a time delay. As with dis-

plays, controls intended to be activated in sequ-

ence or which operate together should be grouped

together. The most important and frequently used

controls should have the favored positions (e.g.,

the Joystick on an aircraft).

Control Technology for the Space Station.

The principal interface between human operators

and the space station will most likely be a video-

screen, and the primary channels for data entry

will be touchsereens, QWERTY keyboards (Kantowitz

and Sorkin, 1983; NRC, 1983) and joystick/mouse

pointers, in the near-term. Track ball position-

ing devices embedded in workstation desktops may

be advantageous in a zero-g environment, and data

tablets are handy for manipulating graphics dis-

plays. The use of a menu select system could help

reduce the number of discrete controls (and dis-

plays) on the space station (Montemerlo and Cron,

1982), but a high degree of robustness is essent-

ial to maintain user confidence.

An unusual but promising future control tech-

nology is biocybernetics, the use of electrical

potentials from the human brain. This technique

is still in the initial stages of development and

much work remains to be done before direct brain

control of machines becomes a viable alternative

(Wdal et al., 1976; Hickman, 1977; Thompson and

Teyler, 1972). Considerable research has been

conducted by Wickens and Donchin and their assoc-

iates at the University of Illinois on ERP -- Ev-

ent-Related Potentials (Donchin, 1975; Donchin et

al., 1978; Donchin, 1979; Isreal et _I/__, 1979;

Wickens et _%1__, 1980; Wickens, 1980). The ERP is

the brain's neural response to discrete environ-

mental and cognitive events, consisting of a tran-

sient series of positive and negative-going volta-

ges. It has been suggested that direct brain con-

trol of devices might take place by having a per-

son look at one of a number of flashing light pat-

terns which would then produce characteristic ERP

brain waves and lead to the operation or activa-

tion of a particular device (Becker, 1983).

Speech recognition or voice entry is another

way to enter data and to control such devices as

the MMU (Manned Manuevering Unit). Speech systems

recognize acoustical wave patterns as specific

words in a language (Huchingson, 1981; Seifert

and Bubb, 1982; Ford and Shirk, 1981; Welch,

1977; Davies and Peckham, 1980). Voice recogni-

tion can be combined with speech synthesis to in-

terrogate a computer and receive feedback (Sllvin-

ski and Givens, 1983).

There are two major speech recognition syst-

ems -- isolated (discrete) and continuous (connec-

ted) speech recognition. Isolated systems require

a short pause before and after an utterance, wher-

eas continuous systems recognize words or phrases

run together as in natural speech. Both are aff-

ected by background noise which may hinder use on

the space station, and both employ template match-

ing to recognize speech. Continuous recognition

is more expensive because more data comparison is

required to know where words begin and end, and

because of greater acoustic variation in connected

as compared to isolated speech (Petty, 1983). For

purposes such as controlling the MM_J, teleoperat-

ors, or space station computers, an isolated rec-

ognition system is more feasible and cost-effect-

ive. While existing systems sometimes have diffi-

culty recognizing voice-entry commands given dur-

ing high-acceleration aircraft maneuvers (Montag-

ue, 1977; Curran, 1970; VanBronkhorst and Abrac-

zinskas, 1982), this should not be a problem on

the space station unless there are unforeseen

changes in vocal patterns during long stays in or-

bit. Other problems with voice entry include slow

input rate (particularly when using isolated

speech systems), erroneous recognition, and the

potential for inadvertent activation.
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FIGURE 4.2. SPACE STATION MONITORING AND COHTROL ARCHITECTURE:

HIERARCHY OF INT_-LIG_T MONITOR MID CONTROL STST_
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Wlckens et al. (1983) finds that the best

performance and the least interference with a sim-

ulated flight task are obtained when a spatial

task (target acquisition) is displayed visually

and responded to manually and when the verbal task

(memory) is displayed auditorily and responded to

with speech. Based on these results, Wickens

suggests that stimulus-response compatibility is

greatest when visual tasks are attended manually

and verbal tasks answered with speech. These

results should be kept in mind when assigning or

developing displays and controls to be used on the

space station. For example, the best response to

some auditory signals from the computer such as

alarm speech signals might be voice entry, while

in other situations involving visual input of a

spatial nature (e.g., location of a fault in a

process control system) a manual keyboard or touch

panel response might yield better results.

The MMU represents another opportunity to ap-

ply human factors to space station control syst-

ems. The MMU may play an important role in EVA

assembly (Howard, et al., 1982), but control des-

ign appears suboptimal. Rotation is controlled by

the right hand, translation by the left hand.

Carrying a hardware item or a structural component

is awkward with both hands thus occupied. A

slngle-handed Joystick could control rotation,

with voice entry controlling _U translation,

freeing one arm and perhaps even allowing the re-

moval of one of the MMU arm extensions thus reduc-

ing the possibility of unintentional activations

and collisions. The operator would receive feed-

back in the form of buzzers or tones during engine

operation and voice signals in certain emergency

situations (e.g., fuel depletion imminent).

4.2.4 Space Station Computer/Controller Network

Substantial computer capability is required

to monitor and control a complex space station.

To ensure that the computer package chosen by NASA

will remain contemporary and adequately supported

with the passage of time, station supervisory com-

puters and microprocessor systems should be chosen

on the basis of widespread industrial, government

and educational installation in addition to their

performance characteristics. Commonly available

software languages should be employed. NASA alone

has insufficient funds to assure prolonged support

for specialized computers and languages, thus

should not develop new computers or software lang-

uages solely for space station applications.

All onbsard computers must satisfy reasonable

space rating criteria, but aside from the initial
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shuttle launch the station environment is reasona-

bly tolerant. To allow for continued station evo-

lution and future advances in computer technology,

all installed equipment should be upward compatib-

le and plug interchangeable. The memory capacity

of the computer system should be vastly larger

than normal initial operational requirements dem-

and.

Evolution in station automation should prov-

ide for the possible development of a near-autono-

mous unit. A multi-computer-based network with

multi-accessible channels and modules for distrib-

uted controls, interactive supervisor consoles,

and automatic ground communications will form the

fundamental nervous system for the intelligent

space station, using, quite possibly, an existing

commercial configuration. The many small comput-

ers acting as system controllers or monitors must

be able to share data and system conditions with

other controllers and be able to gain information

about system states and performance levels. This

information transfer requires interprocessor comm-

unication devices such as buses. There are numer-

ous bus configurations available, each with some

desirable attributes. Additional configurations

can be formulated from computer science, artifici-

al intelligence research, and software engineering

experiences (Appendix 4A).

System identification and adap-

tive control techniques will be widely employed in

onboard space station systems. These techniques,

some of which are common in industry, develop mod-

els and manipulate system variables to optimize

performance criteria. Methods at the threshold of

true learning systems, such as adaptive or self-

organizing control, will be commonly employed in

conjunction wltb space station artificial intelli-

gence. Expert systems should be utilized even in

the initial operating station, but more advanced

AI technologies are required to further elevate

station autonomy and effectiveness. Probably the

single greatest use of space station computational

facilities will be to provide data management --

the process of acquiring, storing, and retrieving

specific data items with the aid of a database

management system (DBMS). It is expected that

little programming will actually be done by people

in space.

For ease of both future modification and ini-

tial program development, software should be deve-

loped and maintained in a high-level programming

language exhibiting state-of-the-art software eng-

ineering techniques. High-level languages rise

above the inner workings of the computer, more

closely resemble human thought processes, and are

transportable from computer to computer. Current

high-level languages that exhibit excellent soft-

ware engineering principles are Pascal and Ada,

and, to a slightly lesser extent, PL/I and ALGOL.

There are other very powerful special-purpose lan-

guages such as LISP and APL which may be useful

for certain tasks. Of greatest interest are the

object-orientated languages LISP, PROLOG and FOR-

TH. However, these languages may yield programs

difficult to verify or modify so they should be

employed with restraint.

A general question is whether the station

should have one large computer or several small

computers. Large computers are usually faster,

but a group of small computers (of equivalent com-

putational power) is more flexible, more fault

tolerant, and more amenable to incremental expans-

ion and evolution. Major concept alterations,

such as a change in fundamental design to a non-

von-Neumann architecture (Appendix 4A), are more

easily accommodated if the computational support

can be incrementally modified. Standard commerci-

al software and hardware should be used because of

its robustness, shared development cost, trained

manpower pool, and available evolutionary "migrat-

ion paths." Migration paths which allow changes

in hardware/software configurations due to improv-

ements in technology or changes in need are com-

monly supplied by commercial vendors to allow cus-

tomers to modify their equipment and software

without undue hardship.

Station Network Configuration. A system of

many small computers/controllers distributed thro-

ughout the space station should be superior in

speed, cost, and reliability to a system of fewer

but larger computers. Larger machines are design-

ed to be faster, but this advantage is eliminated

when compared to the capability of many small com-

puters operating in a nearly parallel environment.

Further, deploying many small machines may yield a

less-expensive total system configuration. Larger

machines require more sophisticated internal arch-

itecture which multiplies hardware and, eventual-

ly, software costs. The use of multiple less-exp-

ensive machines is a design philosophy increasing-

ly popular in industry because of the significant

cost benefits. Finally, system reliability with

many small machines is increased since less-compl-

ex and already-proven computers can be employed.

Computer chips such as the Intel 432 are small

microprocessors with the desired fault-tolerant

attributes.

Controllers are envisioned to be microproces-

sor-based digital computers, more than a hundred

of them on the manned platform alone. These will

be responsible for sustaining the environment

within a stringent set of tolerances, distributing

power to devices based on equipment need and power

system potential, monitoring adjacent space, and

maintaining a fleet of manned and unmanned plat-

forms. Controllers must be robust, adaptive and

multivariable, with redundancy, adaptability, rel-

iability and maintainability. The design approach

should be to employ equivalent machines in each

subsystem application. With uniform computing

hardware the specific characteristics of controll-

ers become software-based. Hardware is easily ex-

changed from less critical to more critical syst-

ems in times of need. Controllers should be des-

igned for easy replacement, especially to permit

long-term evolutionary development of the station

control system.

An individual control unit may be primarily

responsible for a single subsystem, a fraction of

a subsystem, or multiple subsystems. Subsystem/

controller allocation is influenced by controller

capability and speed, complexity, controller algo-

rithms, and the magnitude of front-end require-

ments. Controllers are digital microprocessors

with control algorithms, fault-detection and data

manipulation software. The software implementa-

tion aids in making these controllers replicable

modules. For instance, under situations of com-

plete hard module failure, a replacement module

could be automatically programmed through down-

loaded coding via the network bus.

The controlling computers are interfaced to

the process/subsystem through network buses, poss-

ibly fiberoptic-based (Swingle, 1983). Computer
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networkbuseswill permitcommonaccessto databy
anycontrolleror otherdevicedirectly or indir-
ectly connectedto the network,with the added
benefit that individual failure of controllers
mightbeautomaticallycorrectedor compensated.
A highly integratedfault-tolerant systemcanbe
createdusingmultiple sensors,redundantsensor
pathsandredundantfront-endhardwarein addition
to robust, adaptablecontrollers or computers.
Multiple busescan add fault protection, and
shouldbeused. Systemswith commonspeedor data
requirementsmaybe connectedto a mutualbus.
Then,throughadditionalbuscontrollers, these
mutualbusescanbenetworkedtogether. Oneach
buswill benot only the processcontrollerand
buscontroller,butalsothosecomputerswhoseob-
Jectiveis to supervisethe controller's opera-
tions. Thesecouldtest for integrity andfaults,
serviceout-of-boundsconditionsor alarms,down-
loadoperationsoftwareto backupunits, andcomm-
unicateoverthe networkto functionallyhigher-
levelmachines.

In thesystemenvisionedhere(Figure4.2), a
distributedset of robustcontrollersgovernsone
or moreautomaticcontrolloops. Eachcontroller
carries a dedicatedmicroprocessorand has at
least onebackup.Sensorydata fromthroughout
the stationsuchas temperature,pressure,fluid
flow, electrical currentor voltageare usedto
control elementsof the processsuchas resist-
ance,flow valves,or on/off switches. In addi-

tion, some portion of the input is passed to high-

er levels of the control hierarchy, to viewing

consoles, to the supervisory computer for relay to

the ground or other members of the space system,

and to other controllers as required.

The actual functions, the nature of the ele-

ments controlled, and the state of the subsystem

determine how high up the hierarchy the sensory

data should be relayed. If the operation is bet-

ween safe limits there is no need for this inform-

ation to appear at higher levels, but failure in a

critical system as the oxygen supply llne requires

immediate high-level attention. Routine subsystem

operation should remain as autonomous as possible,

with data remaining at the lowest possible levels

of the hierarchy. A monitor/control system which

may have application to the space station might be

found among the many successful commercial systems

in widespread use, particularly in the chemical

processing and power industries (Martlnovic,

1983).

Desirable characteristics of human-supervised

monitor/control systems that are considered state-

of-the-art include:

• Multivariable;

• Capable of self-repair;

• Can optimize;

• Self-diagnostic;

• Automatic start-up and shut-down;

• Safety interlocks;

• Emergency manual operation;

• Appropriate human-machlne interface; and

• Appropriate alarm protocols.

Robust, adaptive, fault-tolerant feedback control

technology is presently available. Self-learning

is a feature of autonomous operational systems

which must be reserved for the future.

Figure 4.2 illustrates the hierarchical nat-

ure of the intelligent monitor and control system

with humans at the pinnacle. The data streaming

toward higher levels is greatest at the lowest

level of the hierarchy. At the topmost level the

stream is very narrow and the detailed workings of

the lower levels is normally unknown, but knowable

if needed. Commands and feedback from higher lev-

els produce an information stream enlarging toward

the lower levels. Since the monitor and control

system is meant to support humans and not to att-

ract their attention away from their primary dut-

ies, its actions will normally lie below human

awareness, with station systems functioning "sub-

consciously" during healthy nominal operation.

Subsystems which are very different by their

nature may require separate data highways. For

example, flow control information is generated at

a very low rate compared to radar information and

separate buses may be required for each. Optical

fibers are now in widespread use and allow very

large data transfer rates. The use of optical fi-

bers in the space station is highly recommended,

and is virtually inevitable in future advanced

space systems. (Even if not required in the near-

term, provision should be made for the eventual

installation of optical fibers in the space stat-

ion at a later time when it becomes necessary.)

Signals returned to the controllers from the sup-

ervisory computer and from the ground can be used

to reconfigure the monitor and control system --

for example, by altering set points or tolerance

limits or by adopting new operation points for a

replaced item. For station data communication,

commercially available hardware and software prot-

ocols should be used to create an expandable bus

network. NASA should not design its own protocols

but should use technology already available in the

marketplace.

The decision on precisely which network stru-

ctures to employ on the space station must be bas-

ed on the evaluation of many factors. Besides in-

teractive subsystem control, such as the chemical

process control plant of the ECLSS, there are sub-

system components responsible for fault-detection,

diagnosis, and human interfacing. With few excep-

tions (e.g., space ratings and physical space req-

uirements), most required design features are pro-

bably available today in commercial systems. It

is anticipated that the digital process control

industry may already have all of the most import-

ant factors integrated into packages and could of-

fer hardware (not Just design philosophy) and via-

ble software ready for space station implementa-

tion.

4.3 Ground vs. Space: Locale of Control Autoncsl

Regarding the locale of control, there are

three possibilities. First, control computers

could be located primarily in space. This increa-

ses locale autonomy of the space station system,

but it may also dramatically decrease maintainabi-

lity. Second, control computers could be located

on the ground, which would alleviate the maintain-

ability problem but create a new problem with com-

munication -- any failure in communications could

be catastrophic, and the delay time is problemati-

cal. Third is a balance between space and ground
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-- to selectthebenefitsof bothgroundandspace
distributions of monitoringandcontrol systems
andtasks.

Asummaryof representativesystemswhichre-
quiremonitorandcontroltasks,alongwithanin-
terpretationof thenatureof themonitorandcon-
trol normallyrequired,thecharacterof thehum-
an-machineinterface,andthe anticipatedcontrol
location,aregivenin Table4.1. "Continuous"is
definedas substantiallycontinuouswithoutany
humanintervention,while "periodic"mayrange
fromsecondsto manyhours. "Intermittent"indic-
atesnon-contlnuousandnon-perlodlc.It is quite

evidentthat thenatureof therequiredmonitoring
andcontrol, the characterof the human-machine
interface,andthecontrollocationarequitevar-
ied, indicatinga tremendouslysubtleandcomplex
problemrequiringsignificantfurther study.

4.3.1 Ground-BasedFunctions

Somemonitoringand control functionsare
bestperformedon theground.Acasein point is
spacestationsystemmodeling.

Theinitial station monltor/controlsystem

TABLE 4.1. NATURE OF, INTERFACE CHARACTER OF, AND CONTROL LOCATIONS FOR REPRES_TATIVE S¥STI_4S

SYSTEM

Environmental

Control Life

Support

Fleet

Management

Thermal

Traffic

Communications

Telemetry

Personal

Laboratory

Storage

Information

Primary

Computation

On-Board

Computation

MONITORING

Continuous

Periodic

Continuous

CONTROL

Continuous

Intermittent

NATURE OF

Intermittent

Intermittent

Intermittent

Continuous,

Intermittent

PROPOSED CHARACTER OF

MAN-MACHINE INTERFACE

Management by Trouble

Human-Directed

Human-Directed

Human-Directed

Human-Guided,

Management by

Trouble

Human-Inltiated,

Human-Directed,

or Automated

Human-Initlated

CONTROL

LOCATION

Space

Ground

with Space

Acquiescence

Ground

with Space

Acquiescence

Space

Ground

and

Space

Space

Space

Extremely Variable:

Continuous, Periodic,

or Intermittent

Storage Automated;

Retrieval on Demand

Mainframes; Reliability

through Hardware Redundancy

Microprocessors; Parallel

Processing

Human-Directed,

Human-Guided,

Management by

Trouble

Human-Initiated,

Human-Directed,

or Automated

Ground

Space
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will have been tested and modeled prior to its

flight, but this must necessarily be incomplete

since the overall system is essentially unique.

In addition, the monltor/control system requires

constant updating due to routine maintenance,

wear, failure, and replacement of parts, and due

to station component reconfiguration and changing

objectives. Monitor and control, along with other

operational systems, should be continually remod-

eled in an autonomous fashion from the initial

ground testing to long-term operations in space.

The model should be programmed in a format which

can be automatically updated using the data stream

from the test facility. While testing proceeds,

the initial model is continuously improved. Once

the monitor/control system is deployed on the sta-

tion, selected space data are used to calibrate

revisions. (This assumes the data stream from the

original test facility and from space operations

are handled in a compatible manner.) As the model

of a particular portion of the system becomes suf-

ficiently refined so that it is no longer changing

significantly, the data stream can be gradually

reduced to a lower level for monitoring. A com-

plete historical record of the station monitor

/control system would then be available.

A revised version of the current working mod-

el must be periodically transmitted to station

supervisory computers. However, on the ground

there is greater human support available, computer

systems have larger capacity and are less expens-

ive, and the time allotted for model upgrades can

be relatively long. The proper locale for this

task is the ground. Data processed on the ground

can also be used to produce an audit trail for de-

tection of possible systematic fault characterist-

ics and behavior patterns, to update the evolving

model.

Primary alarm servicing should be on the

ground. When monitored space station parameters

diverge from nominal, an alarm should be activat-

ed. This alarm could be serviced either by anoth-

er machine or, at higher levels of urgency or com-

plication, by individuals on the ground. This

doesn't require a large crew because of the mach-

ine assistance available. Supervisory control

permits alarms to be observed by another machine,

and decisions or recommendations for decisions put

forward by machines. The primary operator consol-

es would be located on the ground, where labor is

cheaper. Large-scale simulations and computer-

based expert systems should be situated on the

ground because of their large computational and

storage requirements.

4.3.2 Space-Based Functions

One task probably best left exclusively for

space-based control is station stowage and inven-

tory management. Skylab astronauts frequently re-

ported misplacement of stowed items from their or-

iginal locations. Items removed from one location

were sometimes placed into a nearby but different

stowage locker by astronauts under pressure of

time and without telling anyone. The capability

of rapid assessment of additions, deletions and

changes in equipment stowage should be provided

aboard the station (JSC, 1974).

An onboard computerized stowage and inventory

management system, possibly volce-actlvated, could

handle this problem -- an excellent opportunity

for human-machlne cooperation. A se_ent of the

onboard computer system would be used to establish

an initial inventory of each space station item by

name, identifying number, and initial location.

As an item is taken from its location the removal

is noted; when the item is returned to the same

or another location, that change too is noted in

the computer inventory. The item removed and its

initial and final locations must be detected dur-

ing the usage of the item. There are many possi-

ble ways to accomplish these identifications,

among them:

I. The astronaut can key in the location and

number of the item removed or, preferably, announ-

ce its removal to a volce-sensitive audio pickup

and give the appropriate number. When the item is

returned the astronaut announces the item and its

final location. Whenever a lost item is found,

the item and location are announced to the comput-

er.

2. Standard bar coding and a door light

could be used to determine the removal and return

of an item without active astronaut involvement.

(In _98_, the Pentagon announced that in the fut-

ure it will require bar codes on supplies and mat-

eriel.)

3. Coding the article into the computer us-

ing light pencils located at convenient locations.

The item and storage location are both bar-coded.

4. Voice-activated, natural-language-based

identification by astronauts whenever parts are

removed from storage or are stowed. If the item's

location is correctly noted in the computer, then

annunciation of its removal site is unneccessary

but may serve as a useful redundant check.

The computer inventory should be kept current on

the space station where the information is needed

quickly.

Data-sampling and conversion, direct digital

control, and the actual manipulation of the varia-

bles in controlled station systems should also be

implemented in space rather than on the ground,

together with much of the supervisory control.

4.3.3 Shared Ground/Space Monitor and Control

Functions

A few monitoring and control tasks are best

shared by ground and space controllers. For exam-

ple, fleet management requires detailed knowledge

of relative separations, altitudes, sizes, masses,

orbital rates and attitudes of each station compo-

nent. This information need not be processed rap-

idly and normally it is of little consequence that

tracking is lost over part of an orbit. Since on-

orbit time is valuable it appears advantageous to

monitor the fleet using a large ground computer.

However, control prerogatives such as station

reboost should be initiated from space since the

station is most seriously affected by the action.

Reboost should not occur while local EVA, teleop-

eratlon, or gravity- or contaminatlon-sensitive

experiments are in progress; it can be scheduled

well in advance and the space station and ground

crews notified for concurrence. Manned modules

can also maintain direct communication and radar

contact with other nearby station components to

avoid collisions or to effect rendezvous as re-

quired.
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APPENDIX 4A

COMPUTER SCIENCE AND ARTIFICIAL INTEI, IJGENCE

CONTROL STRUCTURES FOR THE SPACE STATION

Contributed by

R.S. Wallace

Effective control of the space station requi-

res applications of numerous artificial intelli-

gence systems. These will include speech under-

standing and natural language comprehension capab-

ilities for human-machlne interaction, expert sys-

tems for fault detection and diagnosis, and prob-

lem-solving and planning systems to make Judgments

about crew scheduling and station resources. The

space station will be generously endowed with

vision and tactile sensors, and learning systems

may be applied to the data to extract new rules

and new heuristics. In addition, AI components of

space station control must interact with the non-

intelligent components and with people.

Artificial intelligence lacks a coherent

methodology for linking together all of the kinds

of AI programs on which researchers are working

today. Apart from the fact that software integra-

tion is a very complicated task, there are at

least two reasons for a lack of coherent methodol-

ogy. First, there is general disagreement on the

question of knowledge representation. Various re-

presentation schemes have been proposed (e.g.,

frames, first-order logic, semantic networks, con-

straints) and tried in various systems with limit-

ed success. Since the kinds of knowledge to be

represented in, say, vision systems and speech un-

derstanding systems differ considerably, no single

knowledge representation scheme likely will suff-

ice for all AI programs. Second, some potential-

ly-lntegrating techniques such as heuristic search

cut across nearly all branches of AI.

To make the problem even more intractable,

proper definitions of the components of _ntelli-

gence -- a prerequisite to building interfaces

among them -- do not yet exist. For example, it

is clear that natural language parsing and edge-

finding in vision are functionally independent

processes, but that the general functions of vis-

ion and language comprehension may not be. (In

totally blind people language comprehension is not

linked to vision per se, but even these people

make use of spatial reasoning). AI as a field is

divided up into subdisciplines like vision and

language understanding and so on, but there is no

reason to suppose that intelligence itself is

divided up functionally along the same lines.

A simple approach to integrating AI systems,

which would appeal to many researchers in AI and

repel many others, might be to construct a "black-

board" (Figure 4.3) which holds knowledge in a

first-order predicate logic representation. How

might such a blackboard system work? The output

from a vision system might consist of flrst-order

relations such as "Next-to(Screwdriver, Box)" or

something more sophisticated. The problem-solving

system may be able to use such a fact when plan-

ning a sequence of moves for a robot manipulator.

When this sequence is computed and stored on the

blackboard the proper manipulator controller can

recognize the sequence on the blackboard, copy it

over and execute it.

Among the virtues of such a blackboard scheme

is its completely unified knowledge representa-

tion The output from and input to each of the AI

processes is standardized. Notice that it does

not preclude a subsystem from employing its own

knowledge structure (e.g., the vision system might

employ models based on generalized cones). Anoth-

er virtue is that first-order logic is a well-und-

erstood system for representing knowledge -- form-

al logic has been known since the time of Aristot-

le; the properties of formal logic languages date

from Frege's work in the 19th century. Indeed

many mechanical problem-solvers, planners and oth-

er AI systems have been built using a first-order

logic representation.

The disadvantages of such a system are leg-

ion. For one thing, flrst-order logic is not the

most compact representation for an infinite class

of sentences. A comparison of the axioms of geom-

etry written down in logic (Tarski, 1951) and as

they might appear in a grade-school geometry book

is quite revealing. The formal statement of geom-

etry axioms achieves no economy of notation.

Also, the typical problems of everyday life and

"commonsense reasoning" have proved especially ba-

ffling to those who have tried to write down know-

ledge in first-order logic. Other difficulties

arise when time-dependent assertions and assert-

ions of uncertainty or probability are desired.

Systems such as Doyle's Truth Maintenance System

(Doyle, 1982) are one way of dealing with some of

these problems. Perhaps one would wish to append

a Truth Maintenance System onto the blackboard as

well.

The intelligent space station may be pictured

as a hierarchy. At the lowest levels are the
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FIGBRE 4.3. SCHEMATIC OF FIRST-ORDER LOGIC BLACKBOARD
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various sensors, effectors and subsystems which

perform the bulk of all station activity. Next

are basic monitoring and control systems, and

above these are the high-level control and diagno-

stic systems (Figure 4.2). At the topmost level

is man and his intelligent planning tools. So the

issue is controlling the controllers. At each of

these levels there is a separate question: What

control structure is best for a given computation-

al task? For the overall system there is another

control question: How does one orchestrate the

entire system of controlling computers? The answ-

er is that it depends in the first case on the na-

ture of the computational task and in the second

case on why one wants to coordinate a system of

controllers. Control structures appropriate to

the space station are reviewed below (Ballard and

Brown, 1982).

qA.; Standard Control Structures

Traditional yon Neumann style computer hard-

ware is capable of carrying out actions in only

very simple ways. These control structures are

the basis of more advanced structures implemented

on yon Neumann machines. Their intrinsic import-

ance is immense as illustrated by their centrality

in nearly every computer language.

The standard control structures are:

I. Sequence. Advance the program counter to the

next instruction.

2. Branch Instruction. Go to a specific address.

3. Conditional Branch. If a certain condition is

true then go to a specific address; otherwise, go
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to thenextinstruction.

4. Iteration. Repetitivelyexecutea sequenceof
instructions until a terminatingconditionis
true.

5. Subroutines.Goto a specificaddressandex-
ecuteall the instructionsstoredafter thataddr-
essuntil a special"return"instructionis encou-
ntered;thengobackto wherethe subroutinewas
called.

Less-standardcontrol structuresdiscussed
belowareactually implementedas combinationsof
thesestandardcontrolstructuresonmostmachines
today. Thereasonfor definingtheless-standard
controls is that programmershavenoticedthat
certain combinationsof standardcontrolstruct-
uresarise againandagainin applications.For
convenience,theyhavedefinedtheseless-standard
mechanisms.

_A.2 Reeuraton

The concept of recursion confuses some people

because, loosely speaking, it allows a function to

be defined in terms of itself. Recursion actually

does not involve circular definitions, but defini-

tions of simple cases and definitions of complica-

ted cases broken down into simpler ones. In this

sense, recursion is analogous to proof by mathema-
tical induction.

A simple example of a recursive definition is

the definition of "An ancestor of mine." An ance-

stor of mine is either my parent or someone who is

a parent of an ancestor of mine. Recursion is an

excellent way to specify computational tasks that

break down naturally into simple cases and com-

pounds of those simple cases.

qA.3 Automatic Backtracking

Automatic backtracking is a control structure

frequently applied to problem-solving and plan-

formulating procedures. Suppose one wanted to

look for a golden leaf of a tree. The backtrack-

ing approach is to start at the trunk and follow a

path down branches and twigs until a leaf is hit.

If that leaf is golden, we stop with success.

Otherwise, we back up to the last branch-point

some of whose branches are unexplored and continue

the search for the golden leaf. This process of

following a search path right to the end and then

backing up is automatic backtracking.

Although backtracking sounds llke a wretched

brute-force control mechanism, heuristics may be

applied to limit the size of the search space by

"pruning" and other techniques. The AI languages

Planner and Prolog have backtracking control stru-

ctures. In these languages it is easy to write

programs which solve certain puzzles. Many expert

systems also use a backtracking control strategy.

4A.4 Context _rltchinK

Context switching allows a program to move

backward and forward in time. At each step in the

execution of a program, the computer might save

all of the values of bound variables at that step.

Context switching allows the program to return to

earlier states of execution with all of the earli-

er values.

Fahlman (1974) has used context-swltching in

a program designed to construct complicated obje-

cts out of blocks with the constraint that constr-

ucts had to be stable.

4A.5 Modules and Hessages

More "parallel" control structures are some-

times better realized on non-sequential non-von-

Neumann machine architectures.

Messages may be any kind of information.

Modules may be conceived as black boxes to which

messages are passed. When a module gets a message

it may do some internal processing and then itself

transmit messages. The essential point is that

the internal operations of individual modules are

not accessible by other modules. The most a mod-

ule may do is to send another module a message.

Each module may reside on a separate process-

or so that the whole collection of modules operat-

es concurrently.

4A.6 Priority Job Queue

A Job queue is an ordered list of jobs to be

performed. A simple job queue might be first-ln,

first-out -- jobs are executed in the order in

which they are received by the queue. A more com-

plicated queue adds a priority value to each job,

and jobs are executed in the order of highest to

lowest priority. An interesting feature of such a

system is that a high-priority job may execute and

call jobs whose priority is higher than any in the

queue. Thus many jobs in the queue are delayed

even if after a time they come to have second hi-

ghest priority.

As a control structure for AI programs, prio-

rity Job queues are intriguing. A running job may

need certain information from programs that it

might call. But it may not need all of the infor-

mation derivable from calls to these programs.

Furthermore, the running job may need to know some

of the information more than it needs to know oth-

er of the information, so it can assign a priority

to each program call (and these are entered into

the priority job queue).

4A.7 Patterm-Directed Invocation

Pattern-directed invocation refers to the ex-

ecution of a procedure as soon as a certain patt-

ern is recognized or as soon as a set of precondi-

tions are true. Rule-based expert systems are a

special case of pattern-directed inference, since

each if-then rule is activated only if its precon-

ditions are true. One can regard preconditions as

patterns for which the expert system is searching.

Another popular form of pattern-dlrected pro-

cedure is the "demon." Demons are programs that

scan databases looking for facts that will activa-

te them. Once these facts are found, the demon

program activates, performs its function, then re-

turns to looking for another fact to activate it

again. Demons have been applied with moderate

success in natural language understanding.

4A.8 Blackboard Systems

In simplest terms a blackboard is a place
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whereanyonemaywriteanythingfor anyoneelseto
see. If severalprogramsareworkingondifferent
partsof thesameproblem(asin speechunderstan-
ding or vision) each may require the output of

others. The output of all software can be stored

in a special globally accessible database called

the blackboard (Figure 4.3).

Blackboards may be broken down into layers,

each of which corresponds to the current knowledge

about a particular part of the problem. In vis-

ion, for example, the layers might be: Vertices,

segments, regions, surfaces, volumes, objects and

schemas. Blackboards implemented on sequential

machines may also encode knowledge about the order

in which programs accessing the blackboard should

be called, given the current state of information

in the blackboard.

_A.9 Hierarchies and Heterarchies

Two divergent ideas on the overall architect-

ure of AI systems have evolved. Some of the cont-

rol mechanisms outlined above lend themselves to

the design of control hierarchies, in which a top-

level control program calls other programs as sub-

programs and these in turn ca]/ sub-subprograms

and so on down to the lowest level of control.

Such a control hierarchy might look like a NASA

organizational chart, with an Admlnlstrator at the

top and several levels of subordinates below.

Others among the control mechanisms outlined

above, in particular the message-passing network

of modules and blackboard systems, lend themselves

to the design of heterarchical control assemblies.

In a heterarchically controlled system each com-

ponent operates autonomously from the others, al-

though information may be passed between them. A

heterarchical control regime might be depicted as

a network, the nodes of which are the autonomous

control systems and the arcs of which are the lln-

es of communication (not authority) passing betw-

een them.

Which configuration provides superior effect-

iveness? That an AI system should be organized

llke a hierarchy can be argued plausibly. The

very highest level corresponds to the currently

active focus of attention; short-term memory res-

ides there. The top node of the hierarchy calls

upon subordinate nodes which supply it with updat-

ed information. Lower-level nodes are responsible

for lower-level data reduction and decisionmaklng;

higher-level nodes are responsible for hlgher-lev-

el deeisionmaking. The bottom-most nodes corresp-

ond to sensory input and long-term storage. How-

ever, it has also been argued that an AI system is

best organized llke a heterarchy, an idea embodied

in the "society of minds" hypothesis of Minsky, as

well as in Rieger's word-expert parser. Also,

what little is known about the gross organization

of neurons in the brain suggests a heterarchieal

distribution of control.

A third alternative is the "corporate society

of minds" approach in which there is a mix of hi-

erarchical and heterarchloal control. Certain

subsystems might be viewed as independent autonom-

ous nodes, others as hierarchies of nodes. The

hierarchies act as "corporations" and achieve

goals which involve many layers of subgoals. The

individual nodes act as "free agents" and may

sometimes act on their own to achieve goals with-

out many layers of subgoal decomposition. For in-

stance, there might be a "vision corporation," a

"speech corporation," a "tactile sensing corpora-

tlon," and so on. This alternative seems best-

suited for the autonomous space station control

system.
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In the manned component of the space station

complex, people varying in training and disposi-

tion, and machines varying in capability and conn-

ectedness, reside together in what is essentially

a mechanically supported ecology. In a broader

sense, the real boundaries of the station are not

the exterior surfaces of metal, silicon and exotic

materials but the organization of individuals,

groups and institutions who support the work in

space and who have a stake in what is done there

and how. Such factors as human and machine proce-

dures, the settings in which people llve and work,

the management of communication with clients on

Earth, the motives and goals of various entities,

and work management policies all materially impact

what can be accomplished on the station, and hence

the level of human autonomy which provides maximum

effectiveness. Each involves issues about which

something is known, either from previous space ex-

perience or from terrestrial research in the soci-

al sciences.

For example, the long-established Soviet

space station program yields valuable insights in-

to areas of potential concern for an American

space station effort. The Soviet program emphasi-

zes the pragmatic utility of space. Their long-

standing attention to social and psychological

factors is interesting in view of their extensive

experience with very long duration manned space

flights. Even supplies to early Salyuts included

special entertainment items and messages (Oberg,

1978). Bluth (1981a, b; personal communication,

1983) reports that Soviet ground control treats

human relations on a par with more technical matt-

ers. By contrast, while American astronaut selec-

tion and training procedures are intensive and

thoughtfully managed, human roles have generally

been de-emphasized during U.S. spacecraft design.

Since the growth of manned space programs in

the 1960s, some research on human and social aspe-

cts of near-space voyaging has been performed but

little has found its way Into actual design deci-

sions (Helmreich, 1977). Most of this work had to

do with how humans, singly or in groups, react to

isolated, spatially constrained, hazardous envir-

onments -- three critical features of early space-

craft and of projected space station settings.

Analogous terrestrial environments have been stud-

ied both systematically and by the recollections

of participants, including Antarctic workstations

(Gunderson, 1968); Arctic work environments; the

undersea quarters of Project Tektite (Helmreich,

1971a,b); lengthy sea voyages; and laboratory

simulations, ordinarily with students (Sullins and

Rogers, 1974). Good summaries of this earlier re-

search are given in Connors et al. (1984).

Experience with actual space missions has va-

lidated some of the phenomena encountered in these

studies, including a rugged syndrome of response

to harsh environments, and has yielded new data on

relatively long-term physiological and behavioral

effects of micro-gravity. These missions also de-

monstrated the human ability to adapt to space en-

vironments and, though not by research design, il-

lustrated heavy performance pressures from the

ground. The research focus has now broadened bey-

ond the early issues of whether people could stand

the isolation and cramped quarters, and the quest-

ion of which variables, if any, could predict who

would better cope with such environments.

However, the investigation of space-related

human and social factors has not yet caught up

with potentially relevant modern research findings

in the social and behavioral sciences. Studies of

group interaction phenomena, communication network

arrangements, judgmental and perceptual biases,

relationships between settings and behaviors, and

symbolic communication are potentially applicable

to space station organizational design -- but all

have been largely ignored to date. Such research

could be valuable in helping to anticipate and to

design solutions for real problems likely to be

encountered during extended residence on space

stations -- problems which may materially affect

astronaut work performance.

Earlier chapters focused on direct human-mac-

hine interactions in assuring the physical integr-

ity of the station and in doing work in space, and

on emerging technologies useful in this enter-

prise. The present chapter examines three major
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sociologicalaspectswhichmaysignificantlyinfl-
uencespacestation organization,autonomy,and
effectiveness:

I. l_sical SettJLmg-- the intriguingchall-
engeof designingthephysicalandperceptuallay-
out of station environmentsfor optimumintegrat-
ionwith thebehavioralandemotionalneedsof the
astronauts;conversely,howto avoidthoughtless
early designdecisionswhichcouldhindereffect-
ive humanaction(section5.1);

2. Ccmmunlcatlons Methodolog_ -- establishing

superior communications arrangements between peop-

le, for a more responsive and coherent station op-

eration (section 5.2); and

3. Organlzat_onal Factors -- how best to org-

anize for working in a small, heavily automated,

distant and hazardous environment; also, issues

of desirable managerial philosophies for an incre-

asingly autonomous space station of the 1990s and

beyond (section 5.3).

5.1 HLmans in Space Settlngs

Long-term work and life in a space setting is

a challenge much like that faced by people and

groups in constrained remote terrestrial habitats.
Some well-known emotional difficulties -- loneli-

ness, the desire for play, the need for anchorage

and exploration -- will be exacerbated by the uni-

que space station environment. In addition, phys-

ical aspects of station design will significantly

influence human performance in space. The physic-

al and perceptual layout must be designed for opt-

imum integration with the behavioral needs of the

astronauts, avoiding thoughtless early design dec-

isions which could hinder effective human action.

5.1.1 Emotional Difficulties of Space Station

Habl ta tion

A number of emotional difficulties may be as-

sociated with the long-term habitation of space.

These include loneliness and isolation (McNeal and

Bluth, 1981), the need for play and sexual re-

lease, and the need for anchorage and exploration.

Without careful design, the space station may fru-

strate or exaggerate some or all of these normal

human requirements.

Loneliness. Though painful, loneliness Is an

entirely expectable reaction to being away from

one's customary habitat. While it is conceivable

that a few may feel more "at home" in orbit, the

very imagery of space can serve as a metaphor for

loneliness.

During voluntary isolation at the South Pole

in 1933, explorer Thomas Byrd (1938) used the fol-

lowing language to describe his experience: "I

went topside for a look around. The night was

spacious and fine. Numberless stars crowded the

sky. I had never seen so many. Earlier, a monst-

rous red moon had climbed into the northern quadr-

ant, but it was gone by then. The stars were ev-

erywhere. If great inward peace and exhilaration

can exist together, then this, I decided my first

night alone, was what should possess the senses."

One morning, weeks later, during a period of great

loneliness, Byrd was in a sharply different frame

of mind: "It takes me some minutes to collect my

wits; I seem to be groping in the cold reaches of

interstellar space, lost and bewildered. The room

is a non-dimensional darkness, without shadow or

substance; even after all these days I sometimes

ask myself: Where am I? What am I doing here? I

discover myself straining, as if trying to hear

something in a place where no sound could possibly

exist."

This contrast between feelings of freedom and

distress was also noted by Robyn Davldson (1978),

a young woman who traveled across the Western Des-

ert of Australia with several camels and no human

companionship: "Some times were miserable...

others were euphoric, days of extraordinary free-

dom." A number of aircraft pilots have reported

that the experience of being alone and cut off led

them to appreciate the value of life and their

place in the universe.

Will space workers get lonely? A busy space

station with seven crewmembers and extensive comm-

unications links to Earth seems less likely to

have lonely residents than a smaller, more remote

station. But this very personal, often quite

painful emotion can occur in a small group or in a

crowd, since loneliness is a psychological state

rather than an objective situation of aloneness.

Yet problems with meaningful social contact

frequently seem to be a cause of loneliness. Pep-

lau and Perlman (1981, 1982) identify several eve-

nts which can lead to loneliness: "Physical sepa-

ration from family and friends" and "status chang-

es" probably would apply to most space workers;

"reduced quality of a personal relationship" could

occur both in family relationships strained by le-

ngthy missions away from home and in strained job-

related interpersonal contacts, virtually inevit-

able in isolated groups; and "ending a close emO-

tional relationship, as by divorce or death of a

partner," might occur in some cases. Sermat (19-

80) adds another source of loneliness that might

affect station residents in some circumstances:

"Loneliness due to overreliance on roles -- pres-

cribed, safe, but relatively impersonal 'socially

pleasant' relationships."

How can loneliness be reduced on the station?

Smooth, fulfilling social relationships can ease

loneliness, according to Peplau and Perlman, just

as disrupted relationships precipitate it. Selec-

tion of compatible crews (not just individuals),

the availability of support personnel specially

trained in interpersonal skills and facilitation,

meaningful work assignments and the ability to ex-

plore new areas can help to alleviate the feeling

of general loss and estrangement that may occur at

some time during an extended stay in space. Stat-

istically, and excepting cases of extreme isola-

tion as in an emergency mission to a very remote

location, loneliness is seldom intense enough to

lead to suicide or even to cause serious disrup-

tion of activity (Sermat, 1980). Complete avoid-

ance of loneliness may be undesirable, as the ex-

perience can be a klnd of contact wlth reality ant

the self, an accurate recognition of important as-

pects of one's situation. Still, it is an unplea-

sant emotion which may detract from human perform-

ance.

_tation Recreation. Will space station resi-

dents play? Astronauts have almost always shown a

playful side, delighting in zero-g maneuvers and

sometimes engineering practical Jokes, illustrat-

ing the deep human need for play. A certain dry
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wit betweenastronautsandmissioncontrolperson-
nel seemsto haverelievedsomeof thepsychologi-
cal strain of pastsituationsandhasgivenrise
to aninformal"space culture" over the past two

decades. One important factor concerning play on

the space station is that schedules for work, to-

gether with time-consuming activities such as per-

sonal hygiene and cleanlng/malntalning equipment,

may leave little time for diversions. Since it is

important to have some activities disentangled

from webs of duty and responsibility (Huizinga,

1965), recreation time should be scrupulously pro-

vided. Further, playful aspects in normal work

activities should be strongly considered in job

conception, so that the full human resource may be

utilized with better chance of activation and int-

erest.

Perhaps the most obvious possibility is video

games. Some people enjoy "busdrivers' holidays"

-- arcade-like games will appeal to some and invo-

lve little cost for extra technology on the stat-

ion. On the other hand, excessive reliance on

work activities is a response to group strain and

environmental constraint, so for many people video

diversions might feel too much like work. When

human-computer interaction must occur in a video

mode in actual work situations, designers should

attempt to engineer it to have some of the fascin-

ation and pacing of arcade games. Then, if work-

ers play video games during spare time (if such

exists) it might seem like Just more of a good

thing. Perhaps space residents will play more

with terrestrial themes, as Earthllngs frequently

play video games with extraterrestrial themes.

Because of the touchiness of interpersonal

relations in isolated groups, and the possibility

of escalating aggression, competitive games among

space residents are not recommended. This is con-

sistent with Russian practice on the Salyut miss-

ions, where chess games were arranged between a

cosmonaut and a partner on the ground but not bet-

ween cosmonauts (Blurb, 1981a,b; personal commun-

ication, 1983). Since delicate interpersonal rel-

ations are likely to be inevitable in prolonged

residence, very formalized group games, with care-

ful rules to minimize or ritualize winning or los-

ing, and aggression, could be worked out. One

type might be symbolic performance games involving

the group, such as Space Charades, Hide and Seek,

or Name That Machine. Since physical contact and

intimacy may be problematical for American resid-

ents for cultural reasons, highly formalized con-

tact games might be developed.

To provide a broad choice of amusements, game

equipment should be low in mass and volume. Zero-

g acrobatics requires enough open space and bound-

ary resilience to permit some safe variation, thus

may not be feasible in early stations. However,

recreational exercise could be accompanied by rhy-

thmic music, using space versions of dancers' bars

or other devices. Low-mass, compressible objects

or deployable stretchable surfaces (e.g., parallel

trampolines) for space caroming should be consid-

ered. Development of non-competitlve skills is

recommended, and psycho-therapeutlc games should

be investigated. Planners may find it interesting

to imagine diversions for microgravity environ-

ments in cramped quarters, but space residents

doubtless will invent their own games if they have

the time and inclination.

From time to time there may be sexual play in

space (Freitas, 1983), privately and perhaps to

some extent in group context such as flirting or

innuendo. Perhaps official avoidance of discus-

sion of this matter is understandable in view of

the taboo status of sexually-related matters in

our culture. Of course, space dwellers are adults

and can handle private matters with discretion.

They deserve privacy in specific activities. But

a general examination of the special situation of

lengthy habitation in close quarters, though hard-

ly unique to space, deserves careful, if discreet,

examination. Sexual activity, whether associated

with play aspects, or deeper aspects, stems from a

powerful human response system and is linked as

well to important psychological responses such as

comfort, status, and self-affirmation. It can be

a source of exhilaration, fascinated exploration,

and coordination, as well as passionate antagon-

ism. Since humans are ingenious and autonomous

entities, sexual events probably cannot be either

specified externally or totally suppressed.

Anchorage and Exploration. People have con-

trasting needs in "internal space" and "social

space" analogous to the roles of the base station

and the voyaging craft. First, humans require a

reasonably stable web of reference points or "anc-

horages", a term from perceptual psychology which

includes anchorages of the self in attitudes, bel-

iefs, and group and personal identities (Sherif,

1934; Rokeach, 1960; Sherif and Sherif, 1969).

Second, a disposition of humans which contrasts

with the attraction to anchorages is the need to

engage in locomotion and exploration. These im-

pulses are a major theme in personality psychology

(Bakan, 1966) and in experimental work in the area

of novelty and exploration (Berlyne, 1960; White,

1959).

The anchorage notion has application to the

psychological orientation of people in settings.

In a social and symbolic sense, being suitably

anchored has obvious relevance to the phenomena of

isolation, constraint, and stress. For instance,

if an individual space station resident is having

problems, an Anchorage Profile Analysis might be

made informally and consulted to determine areas

where more solid anchorages might be sought, where

conflicts or ambiguities need to be worked on, or

where "loosening up" might be desirable. It seems

that even well-tralned, basically stable persons

can become disoriented when relations are disrupt-

ed, missing, or too tightly constraining. Space

work can be accomplished adequately only if the

worker is suitable anchored. There is a direct

analogy between physical anchoring in zero-gravi-

ty, where it is problematical, and psychological

anchoring. Both provide points of resistance or

departure, from which movement can be managed.

But people also need locomotion or explora-

tion to work at a high level of activation and to

maintain interest. This has been demonstrated by

organizational psychologists studying the effects

of boring work. The thrill of being on the trail

of something, of having a destination to look for-

ward to, of finding appealing morsels or compan-

ionship along the way, all serve to mobilize the
human resource.

Unfortunately, actual physical space will be

very limited on stations, EVA is expensive and ha-

zardous, and the station itself is not a spaceship

on its way to somewhere. Meaningful exploration

in informational- or problem-solvlng-space (e.g.,

observational experiments or cooperative decision-

making) can compensate for unfavorable physical

restrictions. Creation of forms is another kind

of exploration, and provision for low-mass, low-
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volumeartworkor device construction should be

considered, particularly if the product is useful

in other areas of station work or llfe.

Access to extensive ground/space computer-

mediated knowledge libraries could also have Job

relevance and beneficial effects on mental health

and work productivity. Information can be genera-

ted as well as explored internally. It is inter-

esting to note that story-telling is important to

Eskimos in winter isolation (see Chapter 6), and

that POWs who imagine narratives and scenes from

old movies (or new fantasies) withstand stress

better than those with less facility for imagina-

tion (Singer, 1975). Active information-genera-

tion should be encouraged when planning both form-

al tasks and informal activities.

5.1.2 The Design of Setting Factors

Settings and behavior are inextricably link-

ed, seemingly a simple truth. But the far-reach-

ing implications for human performance in space

have yet to be fully appreciated -- especially am-

ong people instilled with the traditional western

cultural viewpoint that behavior is an inherent

human property and settings merely a passive back-

drop against which that behavior occurs. Three

decades of research have shown that behavior is a

simultaneous, synergistic property of setting and

person. Both must be analyzed as an entire system

rather than as two separate aspects.

The design of setting factors for the space

station goes far beyond mere aesthetics or physio-

logical requirements. Settings have a facilitat-

ing, enabling, or inhibiting influence on behav-

ior. This directly affects all human performance,

mlssion-related and otherwise, hence also the deg-

ree of station autonomy which a manned facility

can be expected to achieve. Station settings

should be intentionally designed for effective hu-

man performance, not Just basic human survival.

Proper attention must be paid to the most import-

ant elements of the settlngs-behavior system and

their implications in station design, including

physical, perceptual, physiological, sociocultur-

al, and temporal dimensions.

The Physical Dimension. The most obvious di-

mension of a setting is the physical space itself.

While widely recognized as a crucial element, the

impact of physical setting on human behavioral

performance typically is underestimated. Settings

adjacency and proximity requirements frequently

are addressed solely to minimize travel distances

between settings as required to accomplish a seq-

uence of activities in minimum time (to achieve

operational efficiency). Often ignored are audit-

ory, olfactory, visual, and kinesthetic settings

properties, each an important determinant of adja-

cency and proximity relationships potentially ov-

erriding travel-distance/tlme considerations on

the space station. The many behaviors to be acco-

mmodated simply cannot be addressed in the classi-

cal human factors manner (e.g., tlme-and-motion

studies) alone. Station settings must be designed

in recognition of the complex overlapping patterns

and sequences of crew behaviors, which will inevi-

tably vary in frequency and duration and which may

have different physical settings requirements. Of

course, to reach this level of accommodation the

physical form and movement of astronauts in the

enclosed space must first be adequately supported.

Human beings are bilaterally symmetric blman-

ous bipeds, a physical form supremely adapted by

evolution for terrestrial living. But what of

space llfe? In perpetual free-fall, might not our

form become a hindrance? If the human form is not

as adapted to space as it is to terrestrial condi-

tions, and since human genetic engineering and the

use of paraplegic astronauts remains strictly the

province of science fiction, then the space stat-

ion settings in which people live and work must

accommodate the adaptational deficit for humans to

achieve performance levels comparable to those on

Earth. This is analogous to deslgn-for-the-dis-

abled concepts in present-day public architecture.

Settings can be redesigned to enable people to

perform otherwise physically difficult or impossi-

ble tasks -- elevator controls are lowered so that

children and wheelchair-bound individuals can

reach them, ramps are used in place of stairs, le-

vers instead of doorknobs, and so forth. Similar-

ly, the station environment can be designed to ac-

commodate space workers, enhancing their capabili-

ties beyond what might otherwise be possible.

For example, in zero-g the relaxed normal hu-

man body posture changes dramatically. Overall

height decreases, the head thrusts forward, the

line of sight drops lower, and the limbs approach

a more quadruped position (Thornton et al., 1977;

Griffin, 1978). Internally, body fluids migrate

from the lower extremities toward the head, shift-

ing the center of mass upward toward the thoracic

region. The intervertebral discs expand, straigh-

tening the thoracolumbar curve (the convex slope

of the upper back) and increasing the distance be-

tween lumbar and cervical vertebrae. There are

corresponding reductions in waist and chest girth.

These anatomical changes create a new "meas-

ure of man." The height of work surfaces, the lo-

cation of controls and displays, and the placement

of foot restraints and handholds must be adapted

to the new human zero-g posture. If this is not

done, accommodation must be made by the human occ-

upant which detracts from effectiveness. Skylab

control consoles designed for normal terrestrial

seated postures forced astronauts constantly to

tense abdominal muscles to maintain a work posi-

tion (Cooper, 1976), inducing extreme discomfort

over even short periods of time. A more suitable

workstation taking proper account of the zero-g

envelope surrounding the neutral body posture in

space has been suggested by Griffin (1978).

On the Earth's surface, movements are both

constrained and enabled by gravity (which provides

a constant force on all parts of the body). Hum-

ans can rotate spritely about the vertical axis by

applying oblique pressure to a surface perpendicu-

lar to gravity. The upward component of the force

produced by the push is not great enough to over-

come gravity, yielding a turning motion. Without

gravity a foot thrust imparts upward displacement

plus rotation, sending the person spinning away

from the surface. Conversely, it is very diffi-

cult for an astronaut to move at all in free fall

once he loses contact with any surface, unless he

has significant translational velocity. One Sky-

lab astronaut found himself virtually marooned in

the center of the habitat, unable to move toward a

handhold unless given a push by another crewmember

(Cooper, 1976).

One of the major lessons learned during Sky-

lab (JSC, 1974) is the need for extensive hand-

holds and footholds both inside and outside large

habitable spacecraft. Translations in zero-g are

often a trajectory from one temporarily restrained
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positionto another. Thecombinationof altered
zero-gpostureandthe upwardshift in centerof
masssuppressesmovementsaboutthewaistin favor
of movementsabouttheupperbody. Thelowertwo-
thirds of the body(from the chestdownwards)
tendsto remainmotionlesswith upperbodyactions
fluid andpredominant,reminiscentof theenergy-
efficient brachiatlngmotionsof arborealpri-
mates.

Thecenterof massshift andthedirectionof
the humankneehingesimplify backwardrotations
in zero-g(Griffin, 1978)-- the enJoyabilityof
and dexterity in performingrepeatedbackward
somersaultsis evidentin Skylabfilm recordings
of cavortingU.S.astronauts.Thereis noreason
whythis enhancedcapabilityshouldbe usedfor
entertainmentalone. Workstationdesignmight
alsobeableto utilize a semi-recliningposition
to be rotatedinto andout of -- giving literal
spatial meaningto the traditional conceptof
"circulation space". Rotations around the verti-

cal axis in zero-g are more difficult to perform

than on Earth, owing to the forward flex of the

legs in the zero-g posture. Handholds may be used

in conjunction with a foot push-off to effect

sideways in-place rotations. Soviet cosmonauts

have noted that to achieve these motions it is ne-

cessary to push away with one hand, then to strike

a retracted or spread-eagled pose to speed or slow

rotation.

The PerceDtual Dimension. The ability to

spatially orient inside the station is a basic re-

quirement for working and living in space. Both

Soviet (Leonov and Lebedev, 1971) and American

(Cooper, 1976) orbital experience shows that peo-

ple in free fall can become completely disoriented

even in relatively confined volumes. This may be

accompanied by visual inversion illusions of surr-

ounding objects which appear to change size or ro-

tate. Even when astronauts are strapped in, illu-

sions can be triggered by the onset of zero-g im-

mediately after accelerative forces have ceased.

Illusions may be projected onto objects in the

spacecraft cabin or even the astronaut's own pro-

prioceptive senses (e.g., the person incorrectly

feels as if he has assumed a different posture).

Vertical referencing is the sense of up and

down. In free fall, this status information is no

longer available from human gravity sensing organs

so another source is substituted -- primarily vis-

ual, conforming to the geometry of the spacecraft

(or simulator) cabin (Leonov and Lebedev, 1971;

JSC, 1974). During Skylab the crew oriented them-

selves with respect to the interior geometry, and

maintained a commensurate usage of space even when

this seemed to functionally decrease the overall

available volume. In general, adherence to an up-

down convention is desirable as a convenience, but

not as a constraint (JSC, 1974). An up-down norm-

ative convention permits easy orientation, loca-

tion, and equipment identification. However, it

is interesting that in larger compartment inter-

iors Skylab crews adhered less to perceived posi-

tion perpendicular to the "floor" and preferred to

translate themselves "headfirst" through the in-

terior even when traveling towards the "floor."

The space station interior probably should be

designed with a visually appropriate "up-down" re-

ference system. If the interior has windows,

these should be aligned with respect to the atti-

tude of the station in orbit, so that internal

"down" and the view of Earth coincide. Soviet

studies (Leonov and Lebedev, 1971) show that an

interior perception of "down" is shattered when

Earth is visible in a conflicting orientation in

high flying aircraft -- the view of Earth dominat-

es the perceptual orientation. However, the requ-

irement of a visually appropriate interior refer-

ence system does not mandate a simple planar arr-

angement of furniture, lighting and workstations.

With the small habitable volume available, what

would otherwise be unused space near the "ceiling"

should be made functional for living and work act-

ivities. This can be accomplished while maintain-

ing an artifically-indueed perceptual vertical.

Closely allied with the problem of disorient-

ation in vertical referencing are visual illusions

arising from a combination of the loss of vestibu-

lar information under weightlessness and the redu-

ction of normal monaural distance cues. For exam-

ple, Judging distances in space against a starry

background often results in gross underestimat-

ions. On Gemini IV, Astronaut McDivitt judged the

distance to a docking target to be 120 meters when

it was actually 600 meters. This has implications

for large-scale space construction activities --

crewmen, for instance, should not have to rely on

estimation of range during EVA. To date, the

experienced distances to familiar objects both

inside and outside of spacecraft have not really

been great enough to provide an adequate test of

size-distance invarlance mechanisms in weightless-

ness.

Station occupants may also be subject to the

same kinds of visual illusions frequently experi-

enced by air travelers. For example, a "tunnel

effect" is induced by the exaggerated linear per-

spective of a long view down an interior fuselage.

Aircraft manufacturers counteract this by using

widebody cabins incorporating specific curative

interior design features. These include: (I)

Lighting arranged to produce a perceived flow of

light in a direction normal to the observers llne

of sight; (2) decorative patterns on interior

partitions emphasizing horizontality; and (3) ex-

terior bulkhead coverings with small scale patt-

erns without any noticeable horizontal component.

The choice of colors on interior partitions aug-

ments these ameliorative effects, due to the perc-

eptual recession/approach effects of cool and warm

colors, respectively. Although there is yet no

strong evidence for enduring visual illusions in

spacecraft interiors, this may simply be due to

present-day small habitable volumes. On Earth,

most of the visual illusions experienced in the

three-dimensional natural environment (e.g., the

moon illusion) involve slze/distance invarlance

mechanisms of the visual system. These illusions

occur when a quantity that the visual system is

attempting to control (such as perceived size)

comes under a transformation from an external

source about which the visual system has no contr-

ol information (Day, 1973).

A cognitive image is a mental map of the loc-

al environment, the internalized representation of

the external world. Cognitive images or maps have

both quantitative and qualitative connotations.

One can measure the perceived distances and orien-

tations between places on a cognitive map, or the

affective meaning a place holds for an individual.

Cognitive images are most frequently employed on

the neighborhood or urban scale but also apply to

the experience of building interiors. The cognit-

ive map of a space station would summarize a crew-

member's mental representation of that structure.

How this cognitive image is formed and maintained
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guideshumanadaptiveresponseswithin the stat-
ion. Forinstance,cognitiveimagesof buildings
predicthowpeopletry to find their wayfromone
point to another,explainhowpeopleproceedwhen
attemptingemergencyegress,andhelp determine
humanemotionalresponseto a particularplace.

Becauseof thesmallhabitablevolume,crew-
members'mentalmapsshouldbecomposedof asmany
distinct imagesas possible. For example,the
workplaceandthepersonalplacemustbein diffe-
rent locationsandshouldactuallyappeardiffer-
ent in termsof surfacefinishes,lighting, andso
forth. Thisgivesthe senseof havingmovedfar-
ther fromoneplaceto another,by substituting
perceptualquality distancefor actual physical
distance. Also, it is crucial that stationper-
sonnelbeableto find their waythroughthestat-
ion in anemergency-- if thereareobscuringgas-
esor a needfor rapidheadmovements,the sorts
of perceptualdisorientationspeculiarto zero-g
are morelikely to occur. Thestation interior
shouldbe color- andtactile-codedso that even
underthe mostdebilitating conditionspersonnel
knownot only where they are, but also how they

are oriented and where any other location on the

station is with respect to them. The need for

this is not diminished because of the small inter-

ior volume -- in emergencies, people have gotten

lost in their own homes or on relatively small

pleasure craft.

All locations should provide an equal sense

of safety for the crew. For example, if all comp-

artments have two exits except in the case of one

particular module that has only one, that module

may be perceived as less safe to occupy -- a per-

ception that will hinder its use. If more than

one habitation module is employed, and they are at

different distances from the "safe haven," one

will be perceived as less safe and thus less pref-

erred. There are cost tradeoffs in achieving

these perceived qualities, but it should be recog-

nized that the psychological consequences of phys-

ical design are very real and must be deliberated

as carefully as other aspects of station habitabi-

lity.

Physiological Dimensions: Calcium and Sun-

ii_ Space biologists have discovered a number

of physiological changes in the human body during

prolonged space missions. One of the most strik-

ing examples is the loss of calcium in skeletal

bones. Calcium loss begins about 10 days into a

mission and continues uniformly to a projected 25%

loss of the initial body pool for a one-year miss-

ion. Bedrest studies predicted some loss, but ac-

tual space results are more severe (Gazenko et

al., 1980; Nicogossian and Parker, 1982). Stud-

ies show 0.5%/month calcium loss from total body

weight and a 5%/month calcium loss from weight-

bearing bones among Gemini, Apollo and Skyla5 ast-

ronauts (JSC, 1982). Recovery from the loss norm-

ally occurs within 5 weeks of return to Earth, al-

though two Skylab astronauts remained significant-

ly deficient in bone mineral 5-7 years after their

last flight. This effect, noted in 1982, supports

an earlier conjecture that the imbalance between

calcium intake and excretion, negative in space,

might return to zero after the crew returns to

Earth well before the bone calcium loss due to the

flight is fully rectified, resulting in permanent

skeletal change (Rambaut and Johnston, 1979).

Sunlight has played a significant role in the

evolution of human physiology. Visual sensitivity

peaks near the solar spectral maximum; solar ult-

raviolet (UV) radiation is required to produce vi-

tamin D for bone growth and maintenance; and per-

iodic bright sunlight helps to establish human

circadian rhythms. During long space voyages ast-

ronauts are deprived of natural solar illumina-

tion, and it is likely that various defieiences of

artificial lighting may cause unnecessary stress-

es. Further, anecdotal evidence from lengthy

space flights includes occasional deep psychologi-

cal stresses among individuals in space or between

individuals and their separated support teams.

These stresses also appear during prolonged con-

finements on Earth such as in Arctic and Antarctic

stations and in underwater laboratories. A common

feature of all these cases t perhaps not coinciden-

tally, is the absence of strong sunlight.

Seventy years ago rickets was a common child-

hood bone disease, leaving its victims with a sev-

ere lack of bone calcium and phosphorus. In 1919,

Huldschinsky discovered that artificial ultravio-

let illumination cured rickets, and in the 1920s

and 1930s vitamin D -- produced naturally by the

interaction of sunlight with the skln -- was iden-

tified as the active substance. Subsequent chemi-

cal production of vitamin D and its widespread use

in dairy products eradicated rickets as a common

disease, although the normal quantity of dietary

vitamin D is quite insufficient to cure rickets.

The region of the solar spectrum which stimulates

the production of vitamin D In the skln is 275-310

nm (peak at 295-300 rim; Maclaughlln etal.,

1982). The UV is absorbed by pro-vitamin 7-dehy-

drocholesterol (Fieser and Fleser, 1959), and the

endogenous vitamin is converted to 25-0H vitamin D

in the liver. The 25-0H vitamin D allows intesti-

nal absorption of calcium and Its use in the skel-

eton.

The human ability to absorb dietary calcium

decreases with age, so vitamin D deficiency is es-

pecially common among the institutionalized elder-

ly who spend much of their time indoors. Ordinary

window glass transmits little UV below 310 nm, and.

neither incandescent nor fluorescent lamps emit

well in this region. It has been postulated that

osteoporosis, a common bone disease in adults and

especially in women over 60, may be due to calcium

deficiency brought on by a lack of vitamin D.

Victims of osteoporosis develop thin, brittle

bones. Exposure to artificial lightlng emitting

5% of its radiant power at wavelengths between 290

and 380 nm (Vita-Lite) significantly increased

intestinal absorption of calcium by elderly war

veterans during a 30-day period in two successive

winter exposures, while intestinal absorption

declined in a control group of veterans exposed to

conventional fluorescent lighting (Neer etal.,

1971). Significantly, dairy products fortified

wlth vitamin D were available to both groups. The

decrease in dietary calcium absorption with age

and during prolonged space flight, and the lack of

ultraviolet irradiation in the confines of space-

craft, may combine to strongly influence the rate

of astronaut bone calcium loss.

Lead has a similar biochemistry to calcium

and tends to follow similar biochemical pathways

in the body (Ericson and Trltes, 1983; Pounds and

Mlttelstaedt, 1983). Along with calcium, lead is

incorporated into bone and the toxic effects of

lead are thus partially immobilized in the bone

tissue; correspondingly, any release of bone cal-

cium tends to re-mobllize the lead. The gradual

release of calcium thus implies the possibility of

prolonged lead toxicity, depending upon the lead
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contentof astronauts'bones-- whichmaybecon-
siderableamongcitizensof industrallzedcountri-
es. Leadtoxicity caninterfere with the immune
systemandeveninfluencepsyehophysiologlcalsys-
tems, thus contributing to the psychological
stressesassociatedwith protractedspacemiss-
ions.

ThepostulatedrelationbetweenspacecraftUV
deficiency,boneloss in space,andpossiblelead
toxicity shouldbe tested using commercially
availablebroad-spectrumfluorescentlighting ei-
ther in future long-termspacemissionsor in pro-
longedbedreststudiesonEarth. Theillumination
levelsrequiredarenothigh. An8-hourexposure
at 50 foot-candleswith 5%UVintensity givesan
equivalentultraviolet exposureof a 15-minute
summertimewalkat full noonin WashingtonD.C.
(R. M.Neer,personnalcommunication,1983)-- a
doseapproximatelyseventimesthat neededto cure
rickets in children. Thepossibleeffects of
vitaminDdietarysupplementsonastronautcalcium
lossshouldalsobeinvestigated.

Social and TemPoral Dimensions. The social/

cultural dimension of space station setting fact-

ors is all too easily neglected or overlooked.

Without realizing it, designers often incorporate

features appropriate to their own social or cult-

ural grouping. The traditional homogeneity of

NASA's astronaut corps has already begun to erode,

and this process will accelerate as people repre-

senting a broader range of nations and cultures

participate in long-duration programs such as the

space station.

Social and cultural groupings are powerful

determinants of appropriate or acceptable behav-

ior. A station with mixed crew cultures has the

potential for misinterpretation of behavior among

crewmembers. To expect a university-based princi-

pal investigator, a private commercial sector mat-

erials processing engineer, a DOD military intell-

igence specialist, and a NASA pilot, for example,

to have the same or comparable behavioral expecta-

tions is unrealistic -- particularly as space sta-

tion operations become increasingly routine.

Mixed crew cultures will place tremendous de-

mands on setting flexibility (the ability to acco-

mmodate a range of potentially divergent behavior-

al expectations at any one point in time), but ev-

en homogeneous crew cultures will vary with each

crew rotation and place significant demands upon

setting adaptability (accommodating a range of ex-

pectations over time). These difficulties may be

partially, though not entirely, offset by judici-

ous crew selection, but the problem cannot be ful-

ly resolved without resort to "user-based design."

Setting interiors should be flexible and adaptable

enough to accommodate a range of potential crew

cultures and their accompanying expectations re-

garding privacy, proxemic distance, and so forth.

The temporal dimension is another oft-neglec-

ted issue in the design of setting factors. By

recognizing early that behaviors occur not only in

physical locations but also at specific points in

time, inefficiency in space station setting design

can be greatly reduced. Unless incompatible

behaviors and their potentially divergent setting

requirements are viewed as occuring at specific

points in time, designers may feel compelled to

engineer physically dedicated settings for those

behaviors to avoid conflict. But if the setting

requirements of the behaviors are not irreconcil-

ably divergent, and the behaviors need not occur

at the same points in time, dedicated settings are

unnecessary. Given the expected limited station

habitable volume, most dedicated settings are an

unaffordable luxury except where the activity is

continuous (thus achieving high utilization) or so

critical (life-sustaining) as to be considered es-

sential. Even for virtually continuous behaviors,

the need for a totally dedicated setting should be

at least partially justified on the basis of the

importance (not just frequency) of the behavior.

Less-continuous behaviors demand even greater jus-

tification on the basis of their life- or mission-

critical nature.

Temporal behaviors which station settings

must accommodate are neither disjointed, independ-

ent, discrete entities nor are they simple linear

phenomena. Purposeful behaviors are typically

joined to form patterned activities over time.

These activities are often composed of preparatory

behaviors which may anticipate (I) an action, (2)

performance behaviors, and (3) follow-up behaviors

to disengage from or to clean up after the perfor-

mance behaviors. Clearly the station must be de-

signed to accommodate patterned sequential behavi-

ors, not just discrete behaviors, which occur over

time and which may have different physical setting

requirements. This considerably complicates, for

instance, the definition of optimum setting adJac-

encles and proximities.

Also, human behavior is rarely a simple lin-

ear phenomenon. Patterned sequences of behavior

usually overlap rather than following one another

single file, adding to the behaviors which station

settings must accommodate. For example, people

often engage in complex patterns of simultaneous

behaviors such as socializing while eating. These

patterned sequences of overlapping behaviors also

vary in their frequencies and durations as well as

setting requirements. Thus the design of space

station setting factors both to enable and to fac-

ilitate programmed and non-programmed activities

is a very complicated task requiring further

study.

5.1.3 The Reciprocal Roles of Settings and

Behavior

People believe they exercise complete, dir-

ect, personal control over their behavior. Howev-

er, based on theoretical and empirical research

over the past thirty years in a variety of fields,

an emerging consensus holds that under many cir-

cumstances the setting is the dominant determinant

of behavior, not the people themselves. This is

not a regression to simplistic notions of environ-
mental determinism in the classic sense. Rather,

settings are now recognized as multl-dimenslonal

(e.g., social, cultural, physical, temporal) phen-

omena possessing reciprocally deterministic rela-

tionships with people and their behaviors -- rela-

tionships whose dynamics permit settings to domin-

ate behavioral choices in many circumstances (Dan-

ford, 1983). Most of the time, most people behave

in ways that are compatible with or adaptive to

their immediate socio-physical environment (Wick-

er, 1970), suggesting an extended role for sett-

ings in their relationships to people and behav-

ior.

The dynamics of these relationships have been

well-documented by numerous researchers. Apparen-

tly, people subconsciously "monitor" their behav-

ioral relationship to their settings (Peterson et

al., 1970; Turan, 1973; Wohlwill, 1973; Cohen,
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1976; Grossbartand Amedeo, 1979), adopting a

relatively passive stance as if holding their own

direct influence in abeyance. Only when the sett-

ing-dominated relationship to a person's behavior

evolves into a pattern substantially at variance

with that person's needs, values, expectations, or

capabilities is he likely to choose to "override"

the existing behavior-setting relationship (Bark-

er, 1968; Wicker, 1970; Rose, 1970; Spivack,

1973; Cohen, 1976; Wandersman et al., 1979).

The issue of environmental challenge and sup-

port (Nahemov and Lawton, 1973) offers a good ex-

ample. So long as the amount of challenge or sup-

port present in the "demand character" (a combina-

tion of constraints, influence and demandingness:

Murray, 1938; Moos, 1975; Wandersman etal.,

1979) of the setting experienced by the person is

compatible with his "mastery" (a combination of

skill, competence and power: Kelly, 1972; Nahe-

mov and Lawton, 1973; Moos, 1975; Norris-Baker

and Willems, 1979), that person is expected to

monitor the existing behavior-settlng relationship

and permit it to continue under most circumstances

(Barker, 1968; Wicker, 1970). But what if the

degree of challenge or support present in the

demand character of the setting experienced by the

person is significantly at variance (Kelly, 1972)

with mastery level? This violation of "tolerance

threshold" -- the point at which one's willingness

or ability to tolerate a setting demanding devia-

tion from established values, expectations, or

capabilities no longer balances the perceived cost

of doing something about it -- can trigger an att-

empt to reassert personal control by overriding

the disruptive behavior-setting relationship

(Wicker, 1970).

Reassertion of personal control may take the

form of an attempt to redesign or replace either

the behavior or the environment (Bell etal.,

1978), or both (Perin, 1972). Additional problems

appear when the demand character of the "inapprop-

riate" setting (Canter, 1970) is so strong, or

mastery level so weak, that override attempts are

futile because the person is incapable of overcom-

ing the perceived pressure from the setting to

conform to the prescribed pattern of behavior.

Under these circumstances, the attempt to override

will continue (Wicker, 1970). In the absence of

viable setting "escape" alternatives more suited

to the person's preferred pattern of behavior,

these attempts will take on the appearance of in-

appropriate or even maladaptive behavior (Nahemov

and Lawton, 1973). This may continue until the

person resigns himself to behavioral demands of

the setting, and the setting resumes its demanding

control, a process which seems to be a significant

part of the withdrawal syndrome experienced in

groups isolated in extreme environments for long

periods of time.

The possibility of designing space station

settings which, intentionally or not, might exer-

cise some control over behavior certainly warrants

close attention. For routine programmed activit-

ies, settings which tightly constrain human behav-

ioral options could be an asset -- quality stand-

ards are more easily maintained by limiting indiv-

idual behaviors to those known to produce the most

effective or efficient results.

On the other hand, deviatlon-lntolerant sett-

ing-based control could become a liability if it

locks people into inappropriate or maladaptive be-

havior patterns during unique or unanticipated

circumstances. Perhaps the setting could be cons-

ciously overridden, but then appropriate astro-

naut behavior would be accomplished in spite of,

not because of, the setting. Unless the setting

could be redesigned or adjusted, long-term const-

ant deviation would prove psychologically debilit-

ating. Or, the setting's demand character may be

so strong or the person's mastery level so weak

that attempts to resist the setting and engage in

alternative behaviors are unsuccessful. Settings

that are so intolerant of deviation that they eff-

ectively block more appropriate behaviors are cal-

led "bureaucratic" because they excessively chann-

elize the human activities within them. Worse, an

astronaut repeatedly rebuffed in his attempts to

get things done by other than the prescribed means

may find his override behaviors gradually extingu-

ishing for lack of reinforcement and the setting

reasserting its demanding control. At that point,

unless a station crewmember accedes to the sett-

ing's behavioral demands and accepts the loss of

personal control over his behavior, a process of

withdrawal which gerontologists call "disengage-

ment" can occur which could prove disastrous to

the onboard social climate.

Still worse, people may not even recognize

that a setting is improperly constraining or deli-

miting their behavioral repertoires. People usu-

ally fall to recognize the effects of settings on

their behaviors (Proshansky et al., 1970). Unless

setting factors are explicitly recognized as a

prime contributor to behavioral pathologies, other

potential contributors such as ground personnel or

fellow crewmembers may be wrongfully blamed, thus

exacerbating the setting-induced difficulty, de-

laying solution of the real problem, and permitt-

ing the setting's negative influence on crew beha-

viors to continue unrecognized and unabated (Pros-

hansky et al., 1970).

5.1.4 Setting Design for the Space Station

In considering factors impacting the design

of space station settings, those surrounding the

programmed activities of both individuals and

groups belonging to the crew are the most easily

anticipated. These factors are either essential

to or supportive of mission performance, or are

recognized as being causally related to effective

human functioning. They tend to have strong, pre-

dictable temporal and locational dependencies, and

to involve fixed behavioral sequences including

preparation, accomplishment and follow-up. A maj-

or difficulty involved in designing settings for

programmed activities is that such an activity is

rarely a single behavior but rather just one of a

range of functionally interchangeable behaviors.

A second difficulty is that even this range of

functionally interchangeable behaviors may overlap

other causally unrelated behavioral patterns and

sequences.

For example, sleep is a programmed activity

for individuals. This activity, programmed into

the daily schedule, tends to occur at specific

times at specific locations and to involve equally

predictable and desirable preparatory and follow-

up sequences of behavior (e.g., personal hygiene

activities).

The first difficulty in planning settings is

the wide range of functionally interchangeable

behaviors considered, say, "sleep" -- from simple

rest and relaxation, to napping, to deep slumber

-- each having somewhat different setting require-

ments. The second difficulty is the potential for

a considerable range of overlapping, causally un-
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relatedbutoftenhighlycorrelatednon-sleepbeh-
aviorssuchaseating,reading,listening to mus-
ic, planning,thinkingandreflecting,anda vari-
ety of individualandsociallyintimatebehaviors.
Thestationsettingsupportingtheindividualpro-
grammedactivity of "sleep,"to be truly respons-
ive to userneeds,mustaccommodatethe overlapp-
ing behaviorsas well. Thisrequiresmorethan
shuttle-erawall-mountedsleepingbags. Previous
mannedmissions,includingSkylabandshuttlemis-
sions,havebeen"flights," but spacestationmis-
sionswill constituteworkingandliving in space.
Thecrewwill regardthe stationmoreasa house
thanasa vehicle.

Eatingis anexampleof a programmedactivity
for a group,alsotemporallyandlocationallydep-
endentandinvolvingcertainpreparatory,follow-
up,andaccomplishmentbehavioralsequences.Eat-
ing as a groupactivity mightcovera rangeof
functionally interchangeablebehaviors-- from
simpletastingor sampling,to snacking,to full
mealingestion-- eachwith somewhatdifferent se-
tting requirements.Thegreaterchallengeto the
spacesettingdesigneris the rangeof overlapp-
ing, causallyunrelatedbuthighlycorrelatednon-
eatingbehaviorswhichthe groupeatingsetting
mustalsoaccommodate.

Normally,a variety of social interactions
couldbeexpectedto occurin a groupeatingsett-
ing-- dyadicconversationsupto full groupdisc-
ussions,rangingfrompurelysocial to purelyoff-
icial in nature. Buttheremayalsobe instances
whenanindividualprefersto avoidsocial inter-
actionandeat in solitude(e.g., just wokeupand
is not in a socialmood; receiveddistressing
newsfrom home;angryat fellow crewmember).
Thisplacesdemandsonthe stationeatingsetting
-- notonlyto enableavarietyof interchangeable
andpotentially disparategroupeatingbehavioral
sequences,but also to permitsimultaneouslyboth
sociopetal(i.e., encouraginggroupinteraction)
and soclofugal(i.e., discouraginginteraction)
optionsfor eachindividualin thegroup.

In previousmannedflights, crewmembershave
allowedeachothertheoccasionalneedfor solitu-
deevenwhenin communalsettings. In thecaseof
thespacestation,however,therearea numberof
crucial differencessuggestingthat suchgracious
social conventionscannotbetakenfor grantedin
thefuture. Thecombinationof heterogeneouscrew
cultures, crewrotations,andstress associated
withworkingandliving in a remote,isolated,and
dangerousenvironmentmaydissipatethe genteel
socialconventionsexhibitedbyprevioushomogene-
ouscrews.Culture-basedcivilities cannotbere-
lied uponto ensuretoleranceof idiosyncracy.
Communalsettingsfor groupprogrammedactivities
(suchas eating)musthavedesignedcharacterist-
ics permittinga widerangeof socialandnon-soc-
ial possiblities-- whichmayvary considerably
fromoneindividualto thenextduringa 3-6month
tour of duty. Stationsettingsshouldbedesigned
to accommodateactual humanbehavior(backedby
thoroughexperimentaldata),not thebehaviorthat
systemsengineers,project managersor flight
directorswishthat astronautswoulddisplay--
evenfor programmedactivities.

Whataboutsettingdesignsfor non-programmed
activities? Whileaccommodatingprogrammedactiv-
ities (as humansactually engagein them)will
provechallenging,accommodationof non-programmed
activities -- thosenotspecificallyscheduledfor
a particularlocationor timein thecrew'sday--
shouldproveevenmoredifficult. Likeprogrammed

activities, non-programmedactivities mayprove
critical to crewmemberwell-beingandmissionper-
formance,particularlyfor long-durationstaysex-
pectedin thespacestation.

Unlikeprogrammedactivities, however,non-
programmedbehaviorsare muchmoredifficult to
anticipateandto dealwith effectively. These
behaviorsare harderto anticipatebecausethey
mayberegardedasonlyindirectly relatedto mis-
sionperformance,andpossiblyidiosyncratic. Ev-
enwhenanticipated,theyare far moredifficult
to dealwith sincetheysometimesappearto have
nonecessarytemporalor locationaldependencies
andmayexist outsideof anyconsistent,readily
identifiablesequenceof preparatory,accomplish-
mentandfollow-upbehaviors.Settingdesigners
mustrecognizethat thesenon-programmedactiviti-
esarenotdevoidof temporalandlocationaldepe-
ndenciesor behavioralsequencing,but rather that
the activities are simplymorevariablein these
areasthanmostprogrammedactivities.

Forexample,impromptuconversationstendto
occurwherepeople'spathsnaturally convergeor
cross. In modernoffice planning,suchconversat-
ionsare usuallynot programmedinto the design.
Unplanned,theytendto annoyworkersin thevici-
nity andare typicallydealtwithbyorganization-
al behavioralrestrictions whichare inevitably
interpretedby workersas anassaultonpersonal
freedoms.Recently,spaceplannershavebecome
moresensitiveto this recurrentphenomenon.They
havebegunspecifyingextra acousticaltreatment
in conversation-proneareas,allotting smalldisc-
ussionroomsto beleft availableonan impromptu
basis,andevendesigningalternativesto in-pers-
onmeetingssuchaselectronicmail. All of these
allowthesettingto supporta non-programmedact-
ivity in a waythat doesnot forceanintrusionon
parallel programmedactivities.

Forthespacestation, it is constructiveto
askwhatactivities wouldplaythesamepotential-
ly intrusiverole asimpromptuconversationsin an
openplanoffice. Useof toilet facilities? Use
of station-to-groundcommunicationsfor personal
calls? Variable and seeminglyunpredictable,
these activities must be appropriately supported

by the setting design and should be investigated

further by space station planners.

5.1.5 Fundamental Issues

Behavioral activities as humans actually per-

form them (as opposed to the way some managers

would prefer to program them) are most often comp-

lex phenomena. They are composed of detailed seq-

uences of discrete behaviors often overlapping

other patterns and sequences of simultaneous, oft-

en causally unrelated, behaviors. They are soci-

ally/culturally influenced and need not necessari-

ly have identical setting requirements. Designing

settings for the space station with the users in

mind will be a more complex and costly proposition

than some have anticipated.

Faced with inevitable "budget constraints,"

program managers may be tempted to simplify the

setting design task by reducing human behavioral

options in the space station. Managers might pre-

scribe (and program) simplified single-file ver-

sions of all essential behavioral activities, then

design settings (possibly highly automated) to

precisely match the activities. These settings

would enable performance of prescribed activities

while discouraging (due to the settings' inability
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to reinforce)theemergenceof functionallyequiv-
alent behavioralsubstitutions,complexbehavioral
simultaneities,andidiosyncraticbehavioralclut-
ter. Whilethereis a certainappealfroma pure-
ly humanengineeringstandpointin programminghu-
manactivities asthoughpeopleweremachines,to
do so will havedevastatingeffects on station
crewmembersandultimately on the spacestation
programitself. Themannedspaceprogramhasamp-
ly demonstratedthat a thoroughlydedicatedand
programmed"right stuff" astronautcorpsis will-
ingandableto functionasrequiredevenin inad-
equatelydesignedsettings. But thereare many
reasonswhythespacestationis sufficiently dif-
ferent to warrantextremecautionaboutovergener-
alizing previousexperience.

First, it is likely that the stationwill,
after an initial start-upperiod,bemannedby a
heterogeneousandculturally diversecrewreflect-
ing thebroadpopulationof usersthat thefacili-
ty will beaskedto serve. Despitethe presence
of a small"right stuff" astronautflight crew,
remainingcrewmemberswill hail froma varietyof
organizationalsettingsincluding,perhaps,a uni-
versity-basedastrophysicist,a commercialmateri-
als processingengineer,anda nationalsecurity
intelligencespecialist. Thusthecrewasawhole
is unlikely to acceptanunquestioningdedication
to NASAwhichhascharacterizedpreviousmanned
spaceflightcrewattitudes,particularly asspace
stationassignmentsbecomeroutine. Eachof the
crewmemberswill haverather narrowreasonsfor
beingthereandspecific responsibilitiesto div-
erseconstituencies.

Asa result, individualcrewmemberswill not
placidly tolerate for long any setting factor
whicheither directly or indirectly constrains
their abilities to performtheir jobs. If prlv-
ate-sectorand other terrestrial organizations
learnthat stationworkor non-worksettingslimit
the effectivenessof their personnel,theywill
not be the satisfied customersso essentialfor
thespacestationprogramto becomea viableent-
erprise.

Second,there is the matterof individual
control overone'sownbehavior.For peopleto
performfully programmedactivities, crewmembers
musteachbewilling to surrendertheir individual
freedomof choiceof behaviorandallow others,
throughsetting designs,to prescribe"approved"
waysof doingeverything.Whilepreviousmanned
spaceefforts havedemonstratedthat astronauts
arewilling to doeverything"by thebook,"these
havetypically beenshort-durationmissionsperf-
ormedbyunusuallydedicatedcrews. It is reason-
ableto assumethat mostpeoplecouldtolerate a
fully programmed,setting-prescribedexistencefor
brief periodsof time, but extensionto a 3-6
monthspacestationstint seemshighlyimprobable.
Givensuchlong-durationstays, individualswill
complainbitterly abouteverythingfromsetting
accommodations,to thefood, to theprogrammedac-
tivity itself, if onlyasa wayof ventingfrustr-
ation at the perceivedloss of freedomof choice
overwhat,where,andhowthingsare to bedone.
Numerousrelevantanalogsshowthat this perceived
loss of control or choicein behavioraloptions
hasjust suchnegativeeffects. Andif the com-
plainingstopsandwithdrawalanddisengagement
behaviorsemerge,thesituationmaydegenerateca-
tastrophically.

Third, if peoplearesubjectedto programmed
settings andbehaviorssolely to reducesystem
costsor complexity,thensomeof the distinction

betweena humananda purelymachinepresenceon
thespacestationmaybelost. Inflexibledesigns
whichlock peopleinto "approved"waysof doing
thingsdiminishtheadvantagesof amannedpresen-
cebecauseuniquehumancapabilitiesareunderuti-
lized. If NASAcontinuesto programhumanactivi-
ties as tightly as it programsits machines,and
extendsthis controlto settingsdesignedfor nar-
rowlyprescribedbehaviors(whetherfor efficien-
cy, effectiveness,or cost savings),the people
will ultimatelyrebeland(if notappeased)disen-
gage. It is frighteningto contemplatethat in
the longrun thespacestationprogramcouldfail
becauseof a lackof appreciationof settingfact-
orswhichprivateindustryandotheragenciesal-
readyrecognizeasimportant.

It is doublyironic that theonlysignificant
competitorto the Americanspacestationprogram
-- the orbitingSovietSalyutcomplex-- hasal-
readyevolveda settingthat is (bycurrentstand-
ards)exceptionallyhumaneandflexible in its ca-
pacityto supportdiversecrewbehaviors.If the
traditional Americanvaluesof personalautonomy
andsocialheterogeneityare to becarriedforward
into the ageof spacehabitation,thesemustbe
designedinto thesystemfromtheoutset.

5.1.6 Summaryof SpaceSettings

Spacestationsettingsmustbedesignedwith
humansin mind,assummarizedin thefollowingre-
commendations.

In general: (I) Spacestationsettingsshou-
ld be intentionallydesignedto enableeffective
humanperformanceandnot just basichumansurviv-
al; and(2) physicalsettingsshouldbedesigned
in coordinationwith anticipated nonphysical
(e.g., social, organizational)influences.

Onthehumanfactorslevel: (I) Zero-gergo-
nomicsmustbeobservedin all aspectsof station
interiors, includingheightandshapeof workSur-
faces,locationof controlsanddisplays,andfoot
restraints andhandholdplacement;(2) onboard
workstationdesignshouldincorporatestatic post-
uresanddynamicmovementsthat are naturaland
easyto performin zero-g; and(3) thespacesta-
tion interior andexteriorshouldbeequippedwith
extensivehandholdsandfootholdsonthe basisof
Skylabexperiences.

Onthe perceptual/cognitivelevel: (I) Hum-
anscanbecomespatially disorientedevenwithin
thesmallconfinesof spacecraftcabins,a tempor-
ary effect sometimesinducedbytransientg-loads
anda combinationof headmovements,visual in-
puts,andlackof normal-gvestibularinput (inst-
rumentandequipmentinterfacesshouldbedesigned
accordingly); (2) all space station interiors

should be designed with visually consistent "vert-

ical referencing" systems; (3) windows should be

aligned so that the internal "down" and the view

of the Earth as "down" coincide; (4) space sta-

tion interiors should exploit lessons learned in

commercial aviation experience to increase the pe-

rceived living volume and to reduce "tunnel eff-

ects"; (5) station interiors should avoid terres-

trial arrangements of furniture, lighting and

workstations to help maximize usable space within

the limited habitable volume; (6) space station

interior and exterior configurations should lend

themselves easily to mental (cognitive) map forma-

tion by the crew; (7) station interiors should

have as many perceptually distinct locations as

possible; (8) all locations should provide an eq-
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ual senseof safetyfor thecrew,as, for example,
in termsof accessto safehavensanddualegress
possibilities; and (9) spacestation interiors
mustbeclearlyandredundantlycolor-, sign-, and
tactile-codedsothat evenunderthemostdebilit-
atingconditionsonboardpersonnelknowwherethey
arewith respectto all otherlocations.

Onthe level of ecologicalbehaviors:(I)
Spacestation settings shouldbe designedin
recognitionof the complex,overlappingsequences
of behaviorthat wlll beexhibitedby crewmembers
-- it is not sufficient to designfor a set of
static, discrete,worktasks; (2) settingsshould
be flexible andadaptableenoughto accommodate
mixedcrewculturesandaccompanyingdiverseexpe-
ctations; (3) giventhe low habitablevolumeof
thespacestation,dedicatedspaceshouldbeempl-
oyedonly whenthe activity is continuousor so
critical asto beconsideredessential; (4) sett-
ing designshouldnot lock personnelinto uniform
or singlechannelsof behaviorwhichcouldprove
detrimentalunderanomalouscircumstances,but ra-
ther shouldtolerate alternativewaysof doing
thingswheneverpossible; (5) settingsmustacco-
mmodateboth functionally interchangeableand
overlappingor simultaneousbehaviors;and (6)
communalsettingsshouldsimultaneouslypermitei-
thersociopetalor sociofugaloptionsfor eachin-
dividual.

5.2 Crew Ccmmunlcatlons

The generation, transmission and processing

of information lies at the heart of almost every

aspect of space station activity. Remote sensing,

laboratory experiments, EVA maneuvers, crew maint-

enance and satellite repair all require the colle-

ction, integration and movement of on-slte inform-

ation to the base station or ground facilities.

For highly automated tasks, information exchange

may be primarily machine-to-machine, a "task acco-

mplished" display perhaps the only normal human-

machine transmission. Issues surrounding machine-

machine and human-machine interfacing have been

considered previously, so this section deals prim-

arily with human-to-human communication.

5.2.1 Face-to-Face and Telemediated Communication

Most functional models of human communication

(Shannon and Weaver, 1949; Schramm, 1966; Berlo,

1960) share several elements In common. Typically

one person (the source) who wishes to share a

thought wlth another (the receiver) Is depicted as

encoding a message according to a culturally defi-

ned set of rules into a set of observable behavi-

ors. Humans use several channels of transmission

(e.g., voice, gestures, facial expressions) simul-

taneously to send interpersonal signals. The obs-

ervable behaviors are perceived by the receiver,

decoded according to the same set of shared cultu-

ral rules, and registered as a corresponding ment-

al image. The receiver may echo a new set of sig-

nals to the original source to acknowledge receipt

and verify correctness. Signals bounce back and

forth (a dialog) until some shared understanding

is achieved.

Error may occur in communication because of

mistakes in encoding or decoding or because noise

interferes with signal transmission. Encoding or

decoding errors may result from differences in

culture, In social skills, or peculiar intrapers-

onal information processing styles. (Perception

is an active process dependent upon the motiva-

tional state of the organism and selective in line

with the current needs of the individual.) Noise

along the transmission path, masking or transform-

ing the message en route, may degrade the signal

and render it uni_terpretable. Under these condi-

tions, individuals project their own internal

organization onto the remnants of the signal and

perceive what they desire or expect to perceive.

The Function of Human-to-Human Communication.

Berlo (1969) suggests that communication between

two or more people typically has three classes of

use: (I) Production -- communication that enables

the accomplishment of some task (e.g., coordinate

activities); (2) innovation -- communication

whose purpose is to generate new ideas (e.g.,

brainstorming); and (3) maintenance -- communica-

tion designed to reinforce social ties (e.g., soc-

ializing). At an even more general level, Barm-

lund (1973) suggests that communication arises out

of a need to reduce uncertainty. Numerous empiri-

cal studies support the idea that people tend to

seek out others as sources of information when fa-

ced with ambiguity (Schachter, 1959). Uncertainty

arises from doubts about the environment (What's

going on here? Was that supposed to happen?) or

about the self (Am I okay? Should I be feeling

this way?).

A more radical view of communication process-

es comes from Miller's (1978) treatment of inform-

ation processing as one of two basic processes of

living systems. Building on this notion, Ruben

(1982) defines communication as the process of in-

formation metabolism, as important to living orga-

nisms as the utilization of matter-energy. Thus

we are shaped by the food we eat and by the Infor-

matlon we consume. Taken literally, people in

this view are "information eaters" who seek out

sensations according to their individual appetit-

es. Information "hunger" waxes and wanes as a

function of time and environmental conditions, and

consuming bad information could be as lethal as

eating tainted food.

Face-to-Face Contact. As social animals (Ar-

orison, 1972), humans engage in a tremendous amount

of person-to-person contact. In addition to exch-

anging information regarding the coordination of

work activities, humans spend a substantial port-

ion of their time monitoring each other for the

purpose of social comparison (Festinger, 1954).

Much of the perceived self results from direct or

indirect feedback from others (Cooley, 1902).

Historically the vast majority of human soci-

al contacts have occurred in direct face-to-face

settings. Goffman (1956, 1971) uses the term "fo-

cused interaction" to describe those occasions

when people purposely attempt to communicate by

actively exchanging information, assumed to invol-

ve a highly skilled set of coordinated performanc-

es. Argyle and Kendon (1967) classify the behav-

ioral components of focused interaction according

to two major categories -- dynamic features and

standing features. Dynamic features are rapid co-

mmunicatlve actions during social interaction (e.

g., speech, eye gaze, facial expressions, gestur-

es), whereas standing features move more slowly

(e.g., interpersonal distance, posture, orientat-

ion). Standing features set the stage for faster

moving dynamic features by setting limits on each
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TABLE 5. I. COMMUNICATION CHA_NEuS AVAILABLE

AS A FUNCTION OF COMMUNICATIONS MEDIA

COMMUNICATION

CHANNELS

AVAILABLE

Proxemic

(distancing,

orientation)

Kinesic

(gestures,

facial ex-

pressions)

Parallnguistic

(speech amp-

litude/rate/

tenor)

Linguistic

(semantic

meaning)

COMMUNICATIONS MEDIA

FACE

-TO- VIDEO- TELE- COMPUTER/

FACE PHONE PHONE TELETYPE

XX

XX XX

XX XX XX

XX XX XX XX

person's access to the other. Hall (1968, 1969)

provides examples of how interpersonal distance

can determine the tone or quality of an interact-

ion by setting limits on the kinds of sensory inf-

ormation that can be exchanged between individu-

als.

Some theorists (Mehrabian, 1971; Nolan, 19-

75) find it convenient to distinguish verbal and

nonverbal face-to-face human-to-human communica-

tion channels. Verbal communication is the excha-

nge of vocal cues with some common symbolic mean-

ing between two or more people, and represents the

main carrier for abstract cognitive information.

Nonverbal channels (e.g., kinesthetic, visual, ol-

factory, thermal) appear heavily laden with gross

emotional information related to the quality and

quantity of autonomic arousal. This is not to say

that verbal communication carries no emotional

meaning (e.g., paralinguistle cues) or that non-

verbal channels cannot be used for symbolic excha-

nge (e.g., sign language), but the general divis-
ion is useful as a broad characterization. Verbal

and nonverbal communication channels may carry pa-

rallel messages that are redundant, contradictory,

or complementary with one another. Filtering or

blocking information from either category results

in a modification of overall message meaning.

Telemediated Contact. With the introduction

of electronic media (e.g., telegraph, telephone,

electronic mail, two-way video) the number and

kind of social contacts made by a typical urban

dweller has changed dramatically. Entire industr-

ies have evolved and prospered based on the elect-

ronic transformation and movement of human-to-hum-

an messages, a development which has allowed the

coordination of individual activities on a global

scale and has made possible the effective organiz-

ation and management of multinational corpora-

tions. By the same token, these technologies have

changed the nature of information exchanges betwe-

en individuals.

Several authors have attempted to illustrate

the selective filtering that occurs across commun-

ication modalities as a function of communication

media (Connors et al., 1984; Kaplan & Greenberg,

1976), as presented in Table 5.1. Narrowband med-

ia greatly constrict the immediate flow of inform-

ation across llmited-capaclty communication links,

such as telegraphy; broadband media employ larger

capacity links, such as full-motlon video. Broad-

band and narrowband media vary considerably in

terms of cost and desirability. For instance, a

single satellite transponder that can handle up to

1000 relatively narrowband voice links (e.g., 64

Kbps for telephones) can re-transmlt only one rel-

atively broadband full-motlon video llnk (e.g.,

6.3 Mbps for plcturephones).

Bit rate requirements for video transmission

continue to decrease as digital compression techn-

iques become more sophisticated. Compression

Labs, Inc. of San Jose, California, offers a 1.5

Mbps color motion video codec for teleconferencing

and a 19.5 Kbps "Sketchcoder" for limited motion

monochrome video. Widcom (also of San Jose) has a

56 Kbps color motion video codec under develop-

ment. Several other companies offer slow-scan vi-

deo devices that allow the transmission of still-

frame pictures over very narrow bandwldths. In

general, a tradeoff is made between picture fidel-

ity and frame rate in order to accommodate video

transmission over narrow bandwidths. A useful

comparison of the psychological impact of these

various compression techniques has yet to be made.

Evaluation of Media. In general, energy and

dollar costs rise with transmission bit rate.

Likewise, as one moves closer to face-to-face com-

munication and away from narrowband links, the pe-

rception of "social presence" increases (Short et

al., 1976). The more indirectly one experiences

the physical representation of an interlocutor,

the more psychologically remote that person app-

ears. The degree to which psychological distanc-

ing facilitates or hinders the accomplishment of

tasks depends very much upon the task itself.

For example, Chapanis (1975) describes sever-

al experiments in which a "seeker" had to interact

with a "source" to solve three types of problems

involving verbal and psychomotor skills -- assemb-

ling some equipment, searching a database for inf-

ormation, and solving a geographical orientation

task. The seeker and source were either in the

same room, providing a communication-rich condi-

tion, or were situated in remote locations connec-

ted by one or more electronic communication links.

The main dependent variable was time-to-completion

of the tasks. Although solution times tended to

increase as the channels of communication became

more impoverished, the most striking result was

that the presence or absence of voice alone tended

to predict the outcome. The fastest five modes

had voice links; the slower ones did not.

In contrast to tasks involving strictly obje-

ctive information transfers, tasks that require

transmitting socio-emotional information are tom-
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pletedfasterwhenvideochannelsareadded.Chr-
istie (1974)notesthat videois moreuseful than

audio alone for complex group discussion and for

private conversations. Williams (1974) suggests

that the addition of video is more effective than

audio alone for maintaining friendly relations.

Johansen et al. (1979) reviewed over 130 scientif-

ic reports comparing video, voice and computer-me-

diated human interaction and compiled a useful ch-

art of strengths and weaknesses of each media.

Interestingly, these authors point out that narr-

owband computer conferencing encourages greater

equality of participation and other social bene-

fits besides reduced costs (Vallee et al., 1978).

To date, no one has created a media-by-task

evaluation matrix large enough to encompass all or

most variations in tasks and media available.

With the proliferation of hybrid mixed media devi-

ces such as voice systems with slow-scan TV and

computer graphics, plus an almost unlimited number

of tasks to be performed, it is unlikely that any-

one could ever undertake that kind of exhaustive

comparison process. However, Geller (1980) sugg-

ests a promising but as yet untried alternative

research strategy: Media might be studied accord-

ing to their generic features and tasks decomposed

into their component parts (Figure 5.1). Well-st-

udied psychological mediators in the form of hypo-

thetical constructs could then be used to predict

overall system effectiveness by estimating the im-

pact of generic media features on the performance

components of the task.

5.2.2 Space Station Interpersonal Communication

The technological complexities of providing

reliable telecommunication links for the space

station are described at length by Dickinson (19-

83). The focus here is not on specific technical

options but rather on design aspects of supportive

interpersonal communication systems requiring pro-

mpt attention. Several assumptions have been made

about the function and process of human-to-human

space station communications:

I. Humans may be viewed as information meta-

bollzers, their central nervous systems integrat-

ing multimodal information from the physical and

social environment to produce knowledge. Behav-

ioral adaptation is highly dependent upon accumul-

ated knowledge. Human-to-human communication ari-

ses out of a need to reduce uncertainty; incompl-

ete knowledge generates an appetite for informa-
tion.

2. Direct face-to-face communication involv-

es multichanneled parallel processing. Vision,

audition, olfaction, touch and thermal information

all contribute to message meaning. Electronic me-

dia selectively filter different information chan-

nels, thus transforming message quality and con-

tent. In general, the lower the bandwidth of com-

munication the greater the psychological distance

between interacting individuals.

3. Task accomplishment and personal adjust-

ment are highly dependent upon adequate informa-

tion exchange. Too little or too much information

of a given kind can lead to maladaptlve behaviors
and mission failure.

Aboard the space station there must be with-

in-crew communication; given an interior shirt-

sleeve environment, most of this communication

will occur in direct face-to-face encounters. Be-

tween the base station and the immediate space en-

vironment there must be telecommunication among

crewmembers, those out on EVA, and with the crew

of piloted vehicles such as the shuttle. Telecom-

munication between station and ground-based perso-

nnel and communication among ground-based units is

also necessary.

Onboard: Within-Crew Communication. It is

now known that humans can work and live in space,

and that spacecraft working/livlng quarters can

provide a shirtsleeve environment (Cooper, 1976).

However, zero-g and spacecraft design can still

have considerable impact upon within-crew face-to-

face contact. For instance, the redistribution of

fluids within the body in zero-g causes facial

puffiness which distorts an important channel of

nonverbal human-to-human communication (Connors et

al., 1984). Zero-g also causes changes in neutral

body posture (section 5.1.2); when floating free-

ly about the cabin, body movements become less

spontaneous and communicative because of their in-

creased importance in maintaining appropriate body

positioning. Thermal and olfactory cues, which

contribute to a sense of presence and affect phys-

iological functioning, are disrupted by the opera-

tion of mechanical air handling devices and the

lack of convection in zero-g. Tactile communica-

tion may be used less often because of its exagge-

rated impact on body movement in zero-g. And high

levels of ambient noise, plus atmospheric attenua-

tion within the space station, may interfere with

vocalizing -- the principal channel for linguistic
communication.

While little can be done about the effects of

zero-g on human anatomy, there is no excuse for

designing an environment with unnecessary impedi-

ments to human information exchange. Design crit-

eria for space station communications settings

must include a general specification that within-

crew communications should be optimized. Noise

abatement, perhaps by reducing fan and ductwork

noise, is a high-priority item. Maintaining cabin

pressures and atmospheric gases that support high-

quality vocal communication should be given spec-

ial attention. Visual and kinesthetic access to

co-workers within the shirtsleeve environment is

essential for some cooperative tasks. The roles

of thermal, tactile and olfactory stimuli is un-

clear and should be studied further.

In addition to facilitating the accomplish-

ment of many tasks, a good onboard communication

environment can foster feelings of group solidari-

ty. Equally important is the ability to distance

oneself from others when privacy or solitude is

desired. This may be especially important for

groups confined within a remote, isolated habitat.

New means of person-to-person communication, incl-

uding but not limited to electronic mail and voice

/image storage and retrieval systems, should be

explored as supplements to face-to-face communica-
tion.

Local Calls: Communication in the Near-SPace

Neimhborhood. A special requirement for space

station activities is a reliable communication

link for EVA crewmembers. Even if the astronaut

has access to extensive databases, perhaps via a

head-up helmet display to help provide construct-

ion or repair details, he still must keep in touch
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withotherswithin thebasestationmoduleto mon-
itor progressandto request aid in the event of

unanticipated trouble. Tasks involving the coope-

rative effort of two or more astronauts on EVA re-

quire direct telellnks between co-workers in addi-

tion to the crew/station llnk. In the past, umbi-

llcals or radio frequency connections have suppli-

ed voice communication and biomedical data. ID an

increasingly cluttered space environment, alterna-

tives must be provided for local and remote commu-

nication. (Lightwave and infrared links are two

possible candidates.) Both llfe support equipment

and moderate physical exertion can sometimes rend-

er verbal communications unintelligible. Peglonal

dialects can further hinder communication under

stress (Popovet _, 1973), so alternatives to

voice communication channels should be explored --

such as the sign language systems used by scuba

divers or hand-operated voice synthesizers. These

supplementary channels also provide redundancy and

emergency channel capacity.

Choice of station-to-shuttle and station-to-

station communication channels will vary according

to the function being monitored or controlled.

For example, routine docking maneuvers may be han-

dled by highly automated processes, with voice

links available as a redundant monitoring feature.

Video links might supplement voice communications

when spatlo-temporal information must be conveyed.

Continuous communication between two or more inha-

bited platforms requires broadband channels to fa-

cilitate teleconferenclng and other media useful

in group problem-solving. Potentially, station-

to-statlon links could approach the same carrying

capacity as station-to-ground or terrestrial net-

works.

Lon_ Distance: Statlon-Earth Communication.

Human-to-human communication between ground and

space will reflect the nature and degree of stat-

ion autonomy. As the locus of control for space

missions moves from Earth to space (and as onboard

expert systems are developed to replace ground pe-

rsonnel), fewer contacts will be needed between

the station crew and operational personnel on the

ground. However, the number and quality of

ground-to-station links might actually grow as the

number of commercial, scientific and other users

increases.

Currently, most ground-to-space communication

is funneled through Mission Control; messages are

forwarded to the shuttle by the eapcom. In the

future, commercial interests will expect direct

contact with their own onboard personnel and oth-

ers responsible for specific projects. In light

of this, multiple direct-access communication cha-

nnels should be considered for human-to-human

ground-to-space contact. While this represents a

marked departure from the existing highly control-

led access, it reflects a changing attitude that

may prove essential for space station program suc-

cess.

A dynamically allocated communication link

that can handle multiple voice, video and data

transmission is desirable for ground-station comm-

unication. A parallel-access system should prov-

ide channels for both personal and task-orlented

communication, with a provision for privacy assur-

ance. More research is needed on the use of comm-

unication media as an aid in maintaining crew mor-

ale. The availability of a "call home" social su-

pport network may also be critical in long-term

missions. Tapping into the current satellite-

based news/entertainment networks could help keep

the crew in touch with Earth culture. Proximity

is a powerful mediator of intimacy and attraction

(Argyle and Dean, 1965; Holder, 1958), so commun-

ication bandwidth (representing a kind of distanc-

ing phenomena) may have a major impact on Ingroup/

outgroup formation, trust, compliance, conformity,

and even altruistic behavior. To discourage

ground/space clique formation and attitudinal

dichotomies, the broadest possible bandwidth of

communication between Earth and the space station

is advisable.

However, to prevent information overflow an

intelligent communication network should be deplo-

yed that recognizes priority inputs for queuing

purposes. The majority of uplinked messages

should be of the personalized, store-and-forward

variety to provide the crew with maximum time

flexibility. Crewmember time should not be domin-

ated by the "tyranny of communication." This ap-

plies both to task-related messages and to social

and emotional support communications. A coherent

set of guidelines governing crew availability for

outside contact should be developed wlth input

from experienced astronauts. If autonomy is des-

ired for the space station crew, real-time links

should probably be reserved for communieatlons

that require immediate feedback and should be neg-

otlated in advance between ground and station per-

sonnel.

An efficient method of sorting and responding

to messages is for each message to be addressed to

a particular person and for that person to receive

it directly. To handle parallel message input it

is recommended that multiple mixed-media workstat-

ions be incorporated into space station design --

at least one terminal per crewmember. These work-

stations might be compact portable units similar

to present-day personal computers. These could

(I) double as backup display terminals for onboard

monitoring and control functions; (2) serve as

word processing stations for personal/scientiflc

log-keeping and letter writing; (3) supply access

to audio, video and text-orlented databases used

for onboard education, training and recreation;

and (4) allow the display of expert system output

in the context of person-to-person teleconferenc-

ing. Multiple terminals are essential because

they are likely to be used heavily both during and

after work hours, and because they could be locat-

ed in or moved to areas providing visual and audi-

tory privacy such as crewmembers' personal quart-

ers.

Terrestrial Networkln_: Communleatin_ on

Earth. To coordinate its activities on Earth,

NASA has already established a series of human-to-

human communication networks using voice and video

teleconferencing as well as electronic mail. If

the numerous shuttle mission control ground per-

sonnel were reduced by automation to a small staff

for day-to-day space station operations, these

networks might be called upon to gather expertise

from individuals throughout the system in case of

unforeseen events or emergencies. If such a syst-

em is to be utilized effectively, an updated and

expanded teleconferencing network should be estab-

lished for mixed media transmissions including au-

dio, video, computer text, graphics, and hard copy

formats. The station crew should have direct on-

call access to this network as a basic resource.

If completed early enough, the updated terre-

strial network could be used as a testbed for the
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FIGURE5.1. RESEARCH FRAMEWORK FOR STUDYING COMMUNICATION MDDALITY EFFECTS ON TASK PERFORMANCE
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development of space station communication systems

and as a training device for space crews to become

more familiar with the conduct of sophisticated

electronic meetings. NASA already has considera-

ble expertise in teleconferencing technology and

could take better advantage of its experiences in

developing a dynamic responsive network.

Conclusions. The kinds of communication sys-

tems made available to space station inhabitants

wlll significantly affect task performance. As

information consumers, station crewmembers will

seek data from their machines, from other crew-mem-

bers, or from the ground, depending upon their

needs. As uncertainty increases, their appetite

for relevant information will grow. As informat-

ion producers, the crew must communicate with ter-

restrial consumers. It is incumbent upon the des-

igners of onboard, near-space, and terrestrial in-

formation/communication systems to create condi-

tions best permitting critical information to pass

from source to recipient in the most efficacious

manner possible. Current technologies should be

systematically compared and tested in appropriate

experimental settings so that informed Judgments

regarding final system designs can be made.

5.3 Space Station Organization

Numerous Questions were raised during the

workshop about autonomy and the human element in

space, such as: To what extent should the space

station operate independently from ground control?

What is the appropriate degree of autonomy of in-

dividuals within the larger organizational group

structure of the station crew? To what extent

should machines operate independently from direct,

real-time control by humans? The answers to these

questions depend to a large degree on issues of

organizational design -- specifically, how best to

design station organization and management systems

(and relationships with ground operations) to ach-

ieve the highest levels of performance at lowest
cost.

Designing for organizational performance and

effectiveness is a technical discipline concerned

primarily with ensuring that the right people are

focusing on the right tasks, are using the proper

information, technology, incentives, and controls

to perform these tasks effectively and efficient-

ly, and are coordinating their efforts so that the

organization's overall objectives are advanced.

Though much remains to be learned, a considerable

body of data already exists on the behavior of

people in formal, complex organizational settings

and on the behavior and motives of organizations

themselves. Perhaps the single most important re-

sult to emerge from this research is the recogni-

tion that social and organizational systems are

subject to design choices much like physical and

technological systems (Kotter et al., _979).

Human autonomy is an overt design issue resp-

onsive to deliberate design decisions. The organ-

izational relationship between space and ground is

constrained by task and technology, but a wide

range of feasible alternative models exists. If

the underlying philosophy of organizational design

is established early enough, technology can be
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designedto supportandfacilitate the organiza-
tional system.

Thlssectiondrawsontheoreticalandempiri-
cal researchabouthumanbehaviorin organiza-
tions, bothonEarthandin space,to developalt-
ernativemodelsof space/groundandintra-station
organizationalsystems.Human-machineandautoma-
tion systemscanfacilitate autonomyandeffect-
iveness. Certainly,animportantvariableof spe-
cial concernis technology,particularlyinforma-
tion technologyin the formof computers,expert
systems,androbotictools. Buttheanalysiscan-
not focusexclusivelyon thehuman-machineinter-
faceor onhuman-machinerelations. Ignoringthe
systempropertiesof a humanorganizationwhile
designinganypart of it invites unintendednega-
tive consequences.

5.3.1 Space/GroundAutonomy

In recentyears, the philosophyof American

corporations regarding relations wlth subunits has

shifted significantly. Overall organizational

philosophy, In-house cultural norms, and communi-

cation and authority relationships among organiza-

tional subunlts and individuals play a significant

role from the standpoint of design. Peters and

Waterman (1982) claim that the single most import-

ant element in this emerging viewpoint is "the ab-

ility to be big and yet to act small at the same

time, [evoking a sense of] spirit among the peo-

ple .... [Excellently managed companies] push auton-

omy remarkably far down the llne." In these succ-

essful organizations, autonomy equates to a real

and significant impetus toward structural decentr-

alization. This modern emphasis on autonomy is

made possible by the interesting phenomenon of

"loose-tight" organizational controls and fresh

assumptions about the nature of people. Autonom-

ous organizational designs are founded on the bel-

ief that individuals can and will respond with

achievement-oriented behavior if provided substan-

tial autonomy.

Many large successful American companies have

developed sophisticated methods to provide autono-

my without relinquishing overall control, by empl-

oying what are called "simultaneous loose-tight

properties." Organizations operated according to

the loose-tight principle are rigidly controlled

while encouraging entrepreneurship and innovation

from the ranks. Major characteristics of "loose-

tight" include (I) a strong commitment to mission

and to specific goals and objectives (an a oriori

achievement orientation), (2) a set of shared val-

ues and rules about discipline, details and execu-

tion, (3) evaluation and reward largely based on

end-result performance and achievement, and (4)

significant freedom of action and discretion with-

in a subunit or by an individual in pursuing miss-

ion objectives.

Loose-tight control structures are made poss-

ible by modern communication and information syst-

ems. These structures emphasize monitoring end-

result measures of subunlts and downplay the det-

ails of bow an achievement is carried out. They

require timely and accurate information systems

which today are routinely available and which have

reduced the time lag between occurrence of critic-

al events and subsequent awareness and corrective

action. Loose-tight control systems are output-

oriented due to their strong goal orientation and

by their focus on evaluation of outputs (achieve-

ments) rather than inputs (process).
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The principal costs of autonomy are that, in

general, more time is consumed, more "blind all-

eys" are pursued, and short-term efficiency is not

always optimal. In the apace station the cost pa-

rameters are especially high because of signlfl-

cant transport and life support expenses. But ev-

en in this case the benefits could be substantial,

including closer attention to problem-solvlng and

decisionmaklng information, higher motivation, si-

gnificant improvement in quality, enhanced produc-

tivity, and superior adaptability. Industrial ex-

perience with autonomous systems has demonstrated

that less surveillance of subordinates is requir-

ed, resulting in lower overhead costs, less super-

vision, smaller staffs, faster decision times, and

fewer bureaucratic entanglements. For a space

station program this may translate into signific-

ant savings on ground support.

There are serious and legitimate concerns

about how much human autonomy should be granted to

station crewmembers. For every task or decision

given to the station, the potential costs and ben-

efits must be carefully evaluated on a function-

by-functlon basis. An assessment of past rela-

tionships between ground and space raises the pos-

sibility of overcontrol and suggests that greater

human autonomy might be more effective in many fu-

ture circumstances. The space station is intended

to be evolutionary, implying a goal of adaptation

to changing conditions and technologies over time.

Non-autonomous organizations are notorious for

their failures to adapt to changing circumstances.

An interesting example of the potential de-

motivating influence of overcontrol from the

ground occurred during the last Skylab mission in

December 1973 (see also section 5.3.2). According

to the flight director at the time: "We send up

about six feet of instructions to the astronauts'

teleprinter every day, at least 42 separate instr-

uctions telling them where to point the solar tel-

escope and which scientific instruments to use.

We lay out the whole day for them, and they norm-

ally follow it to a T. We've learned how to maxi-

mize what you can get out of a man in one day"

(Balbaky, 1980). After more than a month in

space, three highly trained and disciplined Skylab

astronauts "turned off the radio and refused to

talk with Houston Mission Control," an event which

has been characterized as the first "strike in

space" (Cooper, 1976).

Traditionally, daily crew scheduling (also

known as work activity planning) has been done in

advance by ground-based personnel, representing

the low-autonomy option for a space station crew.

Complete schedule preparation by space-based

personnel, the high-autonomy option, has yet to be

tried though it now appears likely that "expert

system" AI software could perform this function on

a long-term facility, increasing station crew aut-

onomy and effectiveness at little cost. Automated

schedule-planning offers greater human satisfact-

ion, motivation, and productive efficiency, a pos-

itive sense of control over one's own life, and

greater responsiveness to real-time on-site work-

load realities and to unforeseen delays.

Scheduling is a complex matter. Mission task

requirements must be matched with constraints and

resources. The end product is a timeline in which

task responsibilities are allocated to specific

crewmembers at specific times. Past experience

shows that the complexities of preparing schedules

in real-tlme lie beyond the human ability to fully

optimize, necessitating a cumbersome trial-and-

error approach. Station scheduling could not be



adequatelyautomatedusing interactive PERT/CPM
schedulersbecausethesecannoteasily include
constraintsotherthantimeavailableandtasksto
beperformed.Alternativesincludeintegerprogr-
amming-basedinteractive schedulersandintelli-
gentprogramssuchastheframe-basedexpertsyst-
ems(KNOBS)usedfor tactical air command.It ap-
pearsthat an "expertsystem"activity planneris
feasible. MITREcorporationis currentlyworking
ona prototypesystemundercontractto NASA(Mog-
ilenskyet al., 1983).

What are the design parameters that specify

how the expert system should interact with the

crew? The wrong approach is to design an expert

system which computes an "optimal" activity plan

based on objective task demands, station constrai-

nts, and station resources, which is then present-

ed to the crew as their schedule. Such a system

would still be insensitive to real-time delays and

unforeseen changes. The debilitating psychologic-

al effects due to a perceived "loss of control"

would continue under this low-autonomy approach.

AI technology provides an opportunity to des-

ign a human-machine system incorporating a high-

autonomy, real-time interactive activity planning

approach. Crewmembers would have the authority

and ability to suggest, prefer, specify, even

override objectively optimal timellnes. Intuitive

insights offered by the crew may provide superior

results in cases where seemingly insignificant

preferences evoke strong subjective reactions by

individual astronauts. Expert schedulers could

organize work cycles to respect natural circadian

rhythms, or design work periods to meet involve-

ment-in-work requirements. Ground operations per-

sonnel should specify overall mission priorities,

provide detailed technical data to serve as compu-

tational parameters regarding requirements, re-

sources, and constraints, and should undertake

preliminary trial scheduling runs to help establ-

ish gross priorities (Table 5.2). But final acc-

eptance, rejection, or modification of any time-

llne proposed by the expert system should remain

the exclusive province of the space station crew.

5.3.2 A Primer of Organizational Design for

Effectiveness

Organization theory is based on the proposi-

tion that the structure of an organization (its

division of labor, allocation of authority, work-

flow, evaluation and so forth) has a significant

impact upon commitment, performance and retention

by its personnel -- which in turn affects system

output. This does not imply that personality

characteristics or leadership may not influence

system performance, but merely that it is general-

ly far simpler to modify organizational structure

to influence behavior than to alter human persona-

lities or to locate the perfect leader (Perrow,

1970).

Scientific Management Principles. Early re-

search in organizational analysis led to the deve-

lopment of scientific management principles empha-

sizing optimization of the technical subsystem.

Analysis focused on the individual or micro-level

of job design, the physical features of a job, and

the relationship between workers and tools.

Managers plan and workers work, a distinction rig-

idly maintained because of the assumption that

specialization in and superior aptitude for each

TABLE 5.2. FIINCTIONAL ALLOCATION OF

CREW SCHEDULING ACTIVITIES

SCHEDULING

ACTIVITY

OR TASK

Design of

Expert System

Maintenance/

Adaptation of

Expert System

Assemble Input

Data: Time

Estimates,

Resource

Requirements,

Constraints

Input Daily

Task Priorities

and Update

Information

Preliminary

Timeline

Computations

(Days in

Advance)

Compute/Review

Next-Day

Timelines

(overnight)

Review/Update/

Recompute

Morning

Timelines

Approve/Accept

Final Morning

Timelines

Graphically

Represent

Timelines

Recommend

Deviations

from Daily

Timelines

Contingent

Recomputatlon

of Daily

Timellnes

LOCATION OF ACTIVITY

OR TASK

GROUND EXPERT

OPERATIONS SYSTEM

XXX

XXX

XXX

XXX

XXX XXX

XXX XXX

XXX

XXX

XXX

XXX XXX

CREW

X

(minor)

xxx

XXX

XXX

xxx
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functionmustproduceoptimaloutputandeffectiv-
eness.Thisgaverise to autocraticdecisionand
authority structures. Perhapsunintentionally,
practitionersof scientific managementassumethat
workersare dull, stupid,andincapableof task
planningor decisionmaking.Indeed,whendescrib-
ing someof his workmeasurementanddesigneff-
orts in a steelplant, Taylor(1911)-- thefound-
er of scientific management-- wrotethat suitable
workershadthementalityof anox, that mentally
alert andintelligent menwouldbewhollyunsuited
for thework,andthat theworkmanbestsuitedto
handlingpig iron is "so stupidthat hemustbe
trainedbya manmoreintelligent thanhimselfin-
to the habit of workingin accordancewith the
lawsof this sciencebeforehecanbesuccessful."
Echoesof theseassumptionsare still heardin
present-dayapplications,asin thedesignof mon-
itoring andcontrol functionsin airplanesand
spacecraft. Accordingto oneNASAengineerwho
askedto remainanonymous(personalcommunication,
1983): "If yougivea pilot a buttonor a handle,
it's damnedcertainhe'll useit andscrewup the

intent of the system!"

Focusing exclusively on the technical subsys-

tem as a means for optimizing production prevents

the manager or organizational designer from antic-

ipating certain interdependencies between the

technical subsystem and the social structure of

the organization. The consequence of work plans

and work organization focused tightly on the hum-

an-machine interface alone produces unimplemented

plans, considerable unanticipated strife, ineffic-

iency, and substantially increased costs of produ-

cing the desired product or service. Pioneered in

the late 1800s by Taylor, scientific management

still flourishes despite its many well-known prob-

lems.

For example, scientific management principles

have been implicated in the so-called "strike in

space" during the 1973 Skylab mission (Halbaky,

1980; Cooper, 1976). To maximize mission object-

ives in this final leg of the program, ground con-

trol removed virtually all slack from the astro-

nauts' schedule of activities, treating the men as

if they were robots. To accommodate all planned

activities, ground control shortened meal times,

reduced setup times for experiments, and made no

allowance for unsystematically stowed equipment.

Favorite leisure pastimes -- watching the Sun and

Earth -- were forbidden (Weick, 1976). On Decemb-

er 27, 1973, the astronauts staged a day-long sit-

down in space, closing off communication with mis-

sion control for twenty-four hours and refusing to

work until management had prioritized its work de-

mands. (The strike cost NASA $2.52 million, assu-

ming $35,000/astronaut-hour in space.) A funda-

mental organizational problem in any extended

space mission is the distribution of authority be-

tween ground and space. Skylab crewmembers had

minimal autonomy in terms of the pacing, sequenc-

ing, and conditions of work -- a poor organizat-

ional design choice ultimately derived from a lim-

ited "scientific management" conception of the

worker.

Another relatively recent industrial debacle

caused by scientific management has been called

the Lordstown Fiasco (Boyer and Shell, 1972;

Business Week, 1972; Salpukas, 1972; Time, 1972;

Wall Street Journal, 1972; James, 1975). In the

early 1970s, Lordstown was a General Motors Vega

assembly plant which produced 2,000 new cars a day

using 18 miles of conveyor belt and 2,800 people

on the assembly line. On the line, new Vega's

moved forward every 36 seconds under computer con-

trol. Each worker performed carefully engineered

and prescribed assembly duties, repeating the same

motions 800 times during a single shift.

It may interest those who will determine the

extent of space station automation to learn that

the Lordstown plant was one of the most highly au-

tomated in industry at the time, with 26 robots

making 520 welds in each car. Although the work-

force had received quality awards from GM, a corp-

orate reorganization shifted oversight of the

plant to a management team still practicing undil-

uted scientific management. To cut costs and inc-

rease productivity, line manpower was slashed by

700 workers and the number of separate operations

for which each worker was responsible was increas-

ed. Many employees could not keep up with the

faster work pace, often falling so far behind that

they would ride the moving belt down the line try-

ing to complete their tasks and then run back to

their assigned station to begin the cycle again.

Soon after the "efficiency" layoffs, unanswered

employee complaints about the work speedup result-

ed in a disciplinary crackdown by management, wor-

ker sabotage (e.g., slit upholstery, scratched

paint, bent gear-shift levers, fire in the assemb-

ly-line control shed), a work slowdown, high abs-

enteeism, and a strike lasting 22 days. After the

speedup was rolled back, one GM executive noted

that the corporation lost more in the strike alone

than it anticipated saving by laying off all those

workers.

Most automation development in the U.S. has

stressed machinery, computer control and other

technical aspects of the system while ignoring hu-

man variables. One variable which has changed in

contemporary organizational systems is input char-

acteristics of the workforce. Today, employees

are more highly educated and independent than

their predecessors of a few decades earlier. The

workforce is increasingly capable of planning its

own work, yet the basic management/labor relation-

ship has remained constant -- managers plan and

determine the technical characteristics of the

work, workers are viewed as extensions of the mac-

hine, and demands of the machine remain supreme.

Failure to plan and to design for interdependenc-

ies -- to appreciate organizations as complex soc-

iotechnical systems -- inevitably leads to unanti-

cipated difficulties.

Human Relations Management PrinciDles. One

result of the early developments in organizational

analysis was the generalization that authoritarian

structures are associated with low employee mor-

ale, leading to low productivity, lack of commit-

ment, and high turnover rates where alternative

job possibilities exist. ConseQuently, a second

school of thought emerged which argued that more

democratic structures emphasizing participation in

declslonmaking would lead to high morale and high-

er levels of productivity.

Supporters of the Human Relations School of

Management insist that social factors, not techni-

cal ones, are the most important determinants of

performance. This idea was first articulated by

Mayo (1946) and by Roethlisberger and Dickson (19-

33), following their exciting studies on producti-

vity gains during the 1930s in the Western Electr-

ic Company's Hawthorne plant. They discovered

that a great deal of behavior exists in organizat-

ions which is not rationally planned by manage-

ment, that much behavior is not rational at all
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fromthe organizationalpoint of view,andthat
consequentlythere is muchoutputandbehavior
whichis "sub-optimal."Thehumanrelationssch-
ool focuseson the informalorganization,group
dynamics,supervisorystyle, andtheir collective
impactontheformationandmaintenanceof worker
attitudes, values,goals, andproductivity. At
the timeit wasstartling to discoverthat group
normsexistedregardingappropriatelevelsof pro-
duction,that theseinformalnormswerereinforced
byinformalassociationsof workers,andthat work
groupnormsweremorehighlycorrelatedwithactu-
al productivity thanofficial managementstand-
ards.

ParticipativemanagementanddecisionmaFing
arecornerstoneideasin thehumanrelationssch-
ool. Relevantinformationmustbesharedwithem-
ployeesbeforedecisionsare made.Workersare
encouragedto participatein generatingalternat-
ive solutionsandto beasself-directingasposs-
ible. Ratherthanattemptingto eliminatesocial
influencesin the worksetting, humanrelations
managementtries to designorganizationsandto
tailor managerialstylesto facilitate goodsocial
relationsamongemployeesandbetweenmanagement
andworkers.Workgroupsareviewedas the basic
organizationaldecisionunit. Whenparticipative
methodsareusedto makedecisions,implementation
of a decisionis less problematicalif workers
haveplayeda significantrole in theprocessand
arecommittedto their choice. Groupdynamicsre-
ducesthe level of formalsupervision,sincein-
formalgroupnormsaremoreconsistentwith formal
policyunderparticipativeconditions.

However,as the results of implementation
werecarefullystudied,consistentsupportfailed
to materialize. Goodleadership(definedasatt-
entionto humanrelations)did notnecessarilyre-
sult in highmorale,nor did highmoralealways
lead to high productivity. Carefullydesigned
studiesbeganto find inconsistencies-- somedata
supportedthe humanrelationsapproach,but much
did not. Thehumanrelationsapproachwasfound
to havepracticalshortcomings.Managersmustre-
ceivespecializedtrainingto developa repertoire
of skills necessary to facilitate group decision-

making. Participative declsionmaking is especial-

ly difficult to implement because of its many nua-

nces and subtleties, and because it sometimes de-

generates into worker manipulation. Also, it is

seldom possible to find a solution everyone likes,

so managers must be willing to accept dissatisfac-

tion and conflict while facilitating decisions.

Participative decisionmaking (requiring collabora-

tion and consensus-building) is more time-consum-

ing than centralized deeisionmaking and is infeas-

ible when quick decisions are needed. Finally, a

human relations orientation demands that managers

be able to suppress their need for control of the

decision process and the accompanying sense of

power.

Research to measure the effectiveness of sci-

entific management and human relations approaches

shows that neither is universally applicable.

Each is often applied inflexibly in organizations

as if it were the one best way to organize and ma-

nage, and as if variations in organizations, work-

force characteristics, technologies and environ-

ments were of little consequence in organizational

design. Early generalizations derived from these

approaches have given way to a richer conceptuali-

zation of organizational structure and performance

(Perrow, 1982).

For instance, in the modern conception there

is nothing wrong Der se with a centralized bureau-

cratic structure as long as tasks are routine and

the technology is well understood. Workers can

still be treated well and leadership can be parti-

cipative. However, as tasks or environments

change, rules and procedures must be appropriate

for the changed circumstances -- perhaps the big-

gest failing of bureaucratic, centralized struct-

ures.

On the other hand, when tasks are nonroutine,

centralized rule-based structures are inefficient

and often ineffective because fixed rules are app-

lied inappropriately to changed circumstances.

Instead, discretion must exist at levels where un-

programmed decisions are required. There will be

a correspondingly high cognitive load on the work-

force, and the knowledge needed will be extensive.

In organizations faced with nonroutine tasks, whe-

ther due to environmental or technological uncert-

ainty, the relevant criterion for success is not

classical efficiency but rather the facility for

problem-solving and the ability to discover novel

solutions under changing circumstances. Note also

the new concept of organizational environment --

the environment presents problems and opportuniti-

es for the organization and can stimulate struct-

ural change.

Contingency APProach to Desimn. Attention

must be given to both technical and social systems

when designing organizations because of their mut-

ual interdependence, a more balanced view sometim-

es called the sociotechnical approach to organiza-

tional design and change (Trist and Bamforth, 19-

51; Trist, 1960; Miller and Rice, 1967). More

important, there is no one best way to design an

organization. The appropriate design depends on a

complex set of interrelations among designated

technologies, tasks, goals, workforce characteris-

tics, and an organizational environment. This ap-

proach has come to be known as "contingency theo-

ry" after the important work of Thompson (1969)

and Lawrence and Lorsch (1967, 1969). A contin-

gency approach is frequently used in contemporary

organizational design because it focuses on the

pragmatic concerns of effectiveness and perform-

ance. The principal assumption is that there is

no one best way to organize, but that all ways of

organizing are not equally effective. In fact,

organizational effectiveness is contingent upon an

appropriate relationship among organizational

structure, environment, technology, and tasks

(Galbraith, 1973).

One of the contingency approaches best appli-

cable to space station autonomy planning stresses

information flows and their influence on organiza-

tional structure (Galbraith, 1973, 1977). Among

the various elements in a system, the flow of inf-

ormation is arguably one of the most critical

(Scott, 1981). In Galbraith's approach, organiza-

tional environment and technology are major sourc-

es of systemic uncertainty. Uncertainty enters

organizations by affecting the work or tasks they

perform, and the greater the task uncertainty the

more information that must be processed by deci-

sionmakers during task execution to achieve a giv-

en level of performance. Thus information proces-

sing requirements increase as a function of envir-

onmental and technological uncertainty and of int-

erdependence of workflows, an important influence

on structure. Structural arrangements determine

information processing capacity of an organiza-

tion, and some are better than others for a given
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levelof uncertainty.
Organizationscanmakestructuralmodificati-

onsto adaptto increaseddemandsfor information
processing.Listedby increasingcapacityto pro-
cessinformation,the first four structuralmech-
anismscomprisethe "mechanistic"modelandincl-
ude: (I) thehierarchyof authoritywhereinexce-
ptionsto standardprocedureare referredupward
for centralizeddecisions; (2) rulesandproced-
uresto coverstandardproblems;(3) planningand
goal-settingwhichareformsof delegationto de-
centralize decisionmaking;and (4) a better
trained professionalizedworkforce. Delegation
reachesits mosthighlydevelopedformin profes-
sionalorganizations(Scott,1981).

Thesecommonfeaturesof complexorganiza-
tions areoftenreferredto as the "characterist-
ics of bureaucracy,"where"bureaucracy"is defin-
edvalue-freeas a typeof formalorganization.
Examplesof organizationswith theseconventional
structuralfeaturesincludegovernmentbureaucrac-
ies, military organizations,largereligiousorga-
nizationsandmanyindustrial firms. Usingthese
conventionalstructuralmechanisms,organizations
confrontinglowor moderatelevelsof uncertainty
andinformationprocessingrequirementscanresp-
ondwell to their taskdemands.However,whenthe
organizationitself becomesmorediverseor the
levels of uncertaintyand interdependenceare
higherstill, themechanisticmodelis inadequate
to processtheincreasedlevelsof informationne-
cessaryto achievea highlevel of performance.

Astaskuncertaintyincreases,thenumberof
exceptionsto rules increasesuntil thehierarchy
is overloaded.At this pointorganizationalchan-
gesmustbemadeto maintainthedesiredlevel of
performanceeither byreducingtheamountof info-
rmatlonto beprocessedor by increasingprocess-
ing capacity. Thesein combinationreducethe
numberof exceptionalcasespassingthroughhier-
archicalchannelsin the organization.Bycreat-
ing slack,moreresourcesareconsumed-- schedul-
ed timesor weightallowancesare increased,or
morelabor hoursare put in ona job. Creating
self-containedtaskschangestheorganizationfrom
a functionaldesignto onein whicheachsubunit
hasall the resourcesit needsto performits
tasks. Thiscombinesdecentralizeddecisionmaking
with theresourcesnecessary to get the task done

and is a substantial shift in the authority struc-

ture. Investing in a vertical information system

assumes computer assistance and involves collect-

ing information at the points of origin and trans-

mitting it to the appropriate levels in the hier-

archy. Clearly, contingency theory strongly emph-

asizes formal organization structure. It underem-

phasizes social and behavioral elements in organi-

zations, including the significance of power rela-

tionships and coalitions in decisionmaking. It

also assumes that rational, logical design choices

will invariably be implemented as intended.

_yamework for Space Station Organizational

Design. To decide the appropriate level of auton-

omy for the space station, the organizational des-

igner has a number of variables to take into acc-

ount and a specific set of design tools with which

to work. Initial variables include characterist-

ics of the environment and the set of tasks or

missions to be accomplished. Decisions must be

made about the level of technology and the degree

of machine automation. Design tools include orga-

nization structure (with reward and measurement

systems) and people, determined by managerial dec-

isions based on what characteristics to select and

what skills to develop in station crew training

programs.

5.3.3 Space Station Applications of

Organizational Research

Several issues are important in deciding the

appropriate level of space station autonomy. Twe-

nty years of organizational research in contingen-

cy theory has clearly demonstrated that a single

best structure for successful organizations does

not exist. The systems concept of "equifinality"

emphasizes multiple pathways to the same outcome.

There are several satisfactory ways to structure

the ground/statlon organization (each with differ-

ent strengths and weaknesses) and many other ways

that are unlikely to be successful.

Second, space station organizational struct-

ure should be regarded as adaptive and changeable,

not static or fixed -- the systems concept of

"morphogenesis." This structure must adjust to

changing levels of technology, modifications in

the number and character of space station miss-

ions, shifts in the astronaut population, and in-

creasing knowledge about working and living in

space. This is particularly applicable to the

ground/statlon division of labor. With appropri-

ate funding, artificial intelligence and computa-

tional technologies are likely to advance very ra-

pidly, making it possible to shift more functions

to the station itself. Organizations must main-

tain a balance between flexibility and stability

(Welck, 1977, 1979).

Finally, different ways of organizing will be

appropriate for different classes of space stat-

ions, depending upon the goals and missions pursu-

ed, the degree of task specialization, the techno-

logy in place, and so on. Many varieties of space

station systems may be flown in the near future,

possibly specialized according to mission such as

commercial, military, scientific, and so forth.

Each may best be served by different organization-

al structures.

ComDuters in Organizations. Decisions regar-

ding the level of computer power and database fac-

ilities on board the space station will strongly

influence on-orbit autonomous decisionmaking capa-

bility. Organizational research shows that power

derives from access to computers and data. Early

studies of the impact of computer technology on

organizations focused on shifts in the organiza-

tional power structure. For example, a single,

large mainframe computer system is a valued re-

source. Decisions on where to physically locate

the machine, and regarding who would have adminis-

trative control over access and use, had strong

implications for the relative authority and contr-

ol of organizational subunits (Whisler, 1970).

Control of essential information is a source of

political power in any organization (Hickson et

al., 1971; Pfeffer, 1978; Pfeffer, 1982; Seh-

oonhoven, 1983). The advent of large-capacity

personal computers lessens the traditional depend-

ence on mainframes, fragmenting political power

and imparting increased autonomy to organizational

subunits.

Paralleling the above is the manner in which

NASA implements computer capabilities in space-

craft. Generally the most powerful and extensive
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computerfacilities remainon the ground,along
with computermonitoringandcontrolof spacecraft
functionsandoperations.If extensivedecision-
makingautonomyfor thespacestationandits work
forceare desirable,this cannotbeachievedun-
less mostessentialdataprocessingcapabilities
resideonboardthestationitself. Withoutunre-
stricted accessto the requisite dataanddata
processingfacilities, thespacecrewis unlikely
to achieveits full autonomouspotential. If NASA
locatessubstantialessentialcomputerizedsystems
ontheground,thesophisticationof possiblesta-
tion organizationalstructureswill be greatly
constrained.Mieroelectronicstechnologymakes
possibleextensiveredundant,distributedonboard
systems,butcontroloverwhichdatawill beacce-
ssibleremainsa sourceof organizationalpower.

Professional Workers and Technology, Research

into the relationship between technology and orga-

nizational structure has determined that greater

technical complexity is associated with greater

structural complexity, except when professionals

constitute a significant part of the workforce.

In this latter case, structural complexity is not

always manifested in traditional ways (e.g., more

hierarchical levels). One alternative is to add

complexity to individual job responsibilities by

expanding worker skill repertoires. Rather than

subdividing the work and allocating it to differ-

ent work groups or departments, complexity may be

surmounted using more highly qualified and flexi-

ble performers. This response is particularly ef-

fective when the work is also uncertain, a condi-

tion under which preplanning and work subdivision

give poorer results (Scott, 1981). Because of the

complexity of future missions and the high level

of problem-solving ability that will be required,

the current trend toward more diverse profession-

alism in astronaut selection is likely to contin-

ue. These people have a high educational attain-

ment, high intelligence quotient, positive work

attitudes and a strong achievement orientation,

and come from occupations categorized as profess-

ional.

Professionals work in formal organizations

most effectively under two generalized types of

structures. The first are called autonomous prof-

essional organizations wherein officials delegate

responsibility for defining and implementing

goals, for setting performance standards, and for

seeing that standards are maintained within the

professional group (Scott, 1965). The profession-

als then organize themselves to assume these resp-

onsibilities. There is a sharp distinction betw-

een tasks for which the professionals assume resp-

onsibility and those over which administrative of-

ficials have jurisdiction, even when professional-

ly trained people occupy administrative positions

(e.g., university deans). Administrators thus

have jurisdiction over issues related to keeping

the organization functioning, but not over profes-

sional tasks (Goss, 1961). Substantial discretion

and autonomy are granted the professionals and

they are subject only to collegial review and con-

trol systems. Examples of autonomous professional

organizations are general hospitals, elite psychi-

atric hospitals, medical clinics, research-orlent-

ed universities, elite colleges, and scientific

institutes or "think tanks" (Clark, 1963; Smigel,

1964; Freidson, 1975; Scott, 1981).

The second type of structure within which

professionals work well are the heteronomous (mix-

ed authority) professional organizations, in which

professional employees are subordinated to the ad-

ministrative structure (Scott, 1981). The autonO-

my granted professionals in these organizations is

substantially greater than that usually allocated

to nonprofessionals, but substantially less than

professionals enjoy in autonomous professional or-

ganizations. Discretion is more circumscribed and

participants are subject to administrative super-

vision and evaluation. Examples are libraries,

secondary schools, social welfare agencies, and

engineering firms. The reduced level of organiza-

tional autonomy enjoyed by these professionals is

strongly related to the external political and so-

cial power of the occupations (Kornhauser, 1962;

Miller and Rice, 1967; Montagna, 1968; Etzioni,

1969). The distinction between autonomous and he-

teronomous structures can be applied to depart-

ments within organizations as well as to entire

organizations. Thus scientists and engineers in

the R&D section of a manufacturing organization

are likely to be organized heteronomously as well.

In heteronomous professional organizations,

complex and uncertain tasks are handled by delega-

tion to the professionals. A structure of general

rules and hierarchical supervision surrounds their

work, but there is considerable discretion over

decisions related to technical elements of the

task. Managers are members of the profession

themselves, and there are usually a substantial

number of them relative to the professional emplo-

yees. This is due to the increased information

which must be processed in complex and uncertain

task situations, and is an attempt to improve inf-

ormation transmission and the decisionmaking capa-

city of the organization. Project teams are comm-

on as are matrix designs, both of which support

collaborative efforts across disciplinary or dep-

artmental lines. This is entirely consistent with

the contingency approach of designing organiza-

tions for effectiveness. A study of 100 NASA res-

earch center scientists and engineers (working in

an heteronomous structure) reported that condi-

tions of too much or too little time pressure rel-

ative to the amount "desired" by workers elicited

poorer performance. This illustrates the import-

ance of the collaborative and participative nature

of deadline-setting and of the structuring of work

goals and schedules among professional employees

(Farris, 1973).

What does this suggest for the organization

of the space station and its relations with the

ground? Because onboard tasks will be both con-

ceptually and technologically complex, with a lar-

ge amount of real-time problem-solving indicative

of substantial information processing and task un-

certainty, station crewmembers will be profession-

ally trained workers. Research indicates that

professionals function most effectively in either

autonomous or heteronomous authority structures.

In both cases there is considerable decisionmaking

authority allocated to the workers, and major dis-

cretion over the timing and pacing of work and

technical decisions regarding how to proceed. De-

cisionmaklng is decentralized to that subunit

where the work is to be performed. The decision

process is likely to be advisory, collaborative,

and collegial, with influence based on possession

of relevant knowledge rather than organizational

position. This suggests that the relationship be-

tween ground and space should be supportive, much

as corporations provide the resources (e.g., equi-

pment, technology, facilities) within which res-

earch and development work is conducted.
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Structures contraindicated for the space sta-

tion by existing research on professionals (and

contingency-approach methods) are the highly bur-

eaucratic organizations characterized by centrali-

zed decislonmaking, close supervision, work behav-

ior governed by standardized rules, and low levels

of astronaut discretion and decision autonomy.

Thls strongly suggests that the military command

model (section 5.3.4) is inappropriate except for

a space station conducting a specialized military

mission with no scientific research or applica-

tions duties.

Simultaneous Loose and TiCht Coupling. Ano-

ther important issue of space station organization

is the extent to which the external environment

will introduce unanticipated novelties into the

work setting. When the timing and sequencing of

events cannot be predicted or when uncertainties

occur requiring rapid response, collaborative or

participative declsionmaking is thought to be pre-

cluded because the immediate issue is neither eff-

ectiveness nor efficiency but rather survival of

the system. Military command models are often su-

ggested, but the concept of simultaneous loose and

tight coupling provides a possible alternative.

Loose coupling of organizational elements im-

plies that many of these elements are capable of

autonomous action (Weick, _976). Loose coupling

is an organizational variable. In tlghtly-coupled

mechanistic systems, the interdependence among the

parts is such that their behavior is highly const-

rained and limited, producing a relatively rigid

structure and a determinate system of relations.

Social organizations, in contrast to physical

or mechanical structures, are loosely coupled sys-

tems (Scott, 1981). Noting thds difference, Weick

suggests that loose coupling of organizational

structure may be highly adaptive and thus promote

system survival. When the structure of sub-ele-

ments of a system is allowed to vary independent-

ly, behavior also varies, providing a more sensi-

tive mechanism for detecting environmental altera-

tions. Problems within any one sub-element are

more easily isolated from the rest of the system.

Moreover, adjustment by individuals or separate

departments to environmental disturbances allows

the rest of the system to function with greater

stability. This implies that highly discretionary

and autonomous behavior might be appropriate stru-

ctural elements for space station organizations,

even under conditions of external threat.

Whether looser or tighter coordination and

coupling is adaptive for an organization depends

on specific circumstances. Much remains to be

learned about the space environment_ and about

working and living in space, before definitive re-

commendations can be made. Some research data are

available in the case of normal station work/ng

conditions, but under abnormal or unpredictable

circumstances the appropriate organizing mode is

far less clear and should be investigated further.

Another alternative to the loose/tight coupl-

ing dilemma is to allow astronauts to "self-des-

ign" their organization. Weick (1977) suggests

that much of the problem of distributing authority

for Skylab activities between ground and space can

be analyzed using the classical organizational

concepts of autonomy, discretion, perceived contr-

ol, self-determlnation, job enrichment, delega-

tion, power, time span of discretion, and role

conflict. Yet, there are features of the Skylab

situation beyond these basic concepts requiring

the invention of a self-design concept. For Sky-

lab, there was some advance planning about what to

do in space, but less attention was paid to plann-

ing how to plan what to do. The astronauts appar-

ently had no onboard solution-generatlng procedure

available to them except for trlal-and-error and

working to the limits of human energy. The one-

day strike got results of the most unimaginative

sort: The existing organizational design (in

which ground personnel planned and directed, and

Skylab astronauts executed) was not discredited as

a result of the strike, and there was no rearrang-

ement of activities or responsibilities.

Welck argues that self-deslgn would enable

astronauts to integrate themselves into the des-

ign. The likelihood is that sensitive self-deslgn

would have taken astronaut needs into account more

consistently over a much greater portion of the

mission. While organizational planning and imple-

mentation may appear to be separate activities,

the two actually reinforce one another -- impleme-

ntation clarifies design and design clarifies imp-

lementation. NASA should consider Welck's appro-

ach when designing space station organizational

arrangements. The ideas of past and future space

travelers and mission control personnel should al-

so be solicited in planning the organizational de-

sign of future space stations.

5.3.4 Models for Space Station Organizational

Design

A detailed analysis of all possible space

station organizational designs is clearly beyond

the scope of the present workshop. However, a

brief discussion of several models can help clari-

fy the focus on the organization of work and the

design alternatives of authority and task assign-

ment cultures that might emerge for station crew-

members.

Four alternative organizational models (for

day-to-day normal operating conditions), ranging

from lesser to greater autonomy, are: (I) milit-

ary command and control, (2) traditional American

industrial, (3) American collaborative, and (4)

self-management (Naisbitt, 1982; Peters and Wate-

rman, 1982). Typically only one of these modes

predominates in a single organizational subunlt at

a given point in time. Table 5.3 summarizes the

overall philosophy and specific tasks, roles, and

responsibilities associated with each model.

In the military command and control model,

those in authority are considered to have superior

capabilities, knowledge, and talent, and are thus

more qualified to undertake analysis, problem-

solving, and declsionmaklng. Those in the lower

ranks cannot be trusted to carry out tasks where

self-initiative is required. The prin_ary motivat-

ional influence is threat of punishment and extri-

nsic reward systems. The implication is that ind-

ividuals must be "driven," and that it is the

right and the responsibility of those in authority

to implement this influence mode.

In the traditional American industrial model

there is less emphasis on overt symbols of author-

ity than in the military model, but the fundament-

al precepts are quite similar -- the presumption

that substantial gulfs in capability exist between

those in authority and those who are not. The ma-

jor motivators remain threat of punishment and ex-

trinsic reward. Little effort is made to utilize

intrinsic motivational factors, since the funda-

mental belief is that individuals lower in the
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TABLE 5.3. CHARACTERISTICS OF ALTERNATIVE ORGANIZATIONAL DESIGN MDDELS

CHARACTERISTICS

OF

SUBUNIT

Leader

Accession

Task Assignment

Goal Setting

Source of Influence

Typical Response to

Leader

Typical Leader
Title

Source of

Discipline

Motivational

Emphasis

Information Sharing

Feedback

Conflict Resolution

Quality of

Output

Flexibility of

Response

Creativity/

Initiative

Surveillance

Requirements

MILITARY

COMMAND AND

CONTROL

MODEL

Appointed by

Higher Command

Assignment by

Leader

Goals by

Leader

From Appointed

Leader

Obey Orders

Commander

From Appointed

Leader

Threat of

Discipline

Sharing on

Need-to-Know

Basis Only

Punitive

Feedback

By Appointed

Leader

Low

Low

Low

High

ORGANIZATIONAL DESIGN MODELS

TRADITIONAL

AMERICAN

INDUSTRIAL

MODEL

Appointed by

Executives

Assignment by

Leader

Goals by

Leader

From Appointed

Leader

Carry Out

Directions

Supervisor

Boss

From Appointed

Leader

Extrinsic

Reward and

Security

Limited

Information

Sharing

Feedback on

Input

Emphasized

By Appointed

Leader

Low

Low

Low

High

CONTEMPORARY

AMERICAN

COLLABORATIVE

MODEL

Appointed by

Executives:

Approved by

Work Group

Assignment by

Group Members:

Approval by

Leader

Goals by Group

Members:

Approval by

Leader

Individual

Expertise and

From Appointed
Leader

"Why?"

Manager

Administrator

Coordinator

From Appointed

Leader

Intrinsic

Reward

Widespread

Information

Sharing

Feedback on

Output

Emphasized

Both Leader

and Group

High

High

High

Low

AMERICAN

SELF-MANAGEMENT

MODEL

Elected by

Work Group

Consensus

Assignment by

Group Members

Short Term

Goals by

Group: Long-

Term Missions

and Priorities

By Organization

Individual

Expertise and

Interpersonal

Capability

"Why?"

Leader

Coordinator

From Within

Group

Intrinsic

Reward

Share

Everything

Elaborate and

Specific

Output-Oriented

Feedback

From Within

Group

Very High

Very High

Very High

Very Low
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organizationwouldnot beresponsiveto this opp-
ortunity. Thereis a strongemphasisonloyalty
to the organization,andthe threatof dismissal
is usedasa powerfulnegativemotivationalinflu-
ence.

In the Americancollaborativemodel,consid-
erablygreaterfaith is placedin individualachi-
evement.Theassumptionis that, givenresponsib-
ility, peoplecananddorespondin a positivema-
nner. Intrinsic motivationalfactorsplaya more
prominentrole. Extrinsicfactorsremainimport-
ant, butaremorelikely to bebasedonperforman-
ceandcontributionandnot merelyuponposition
in thehierarchy. Threatof punishmentis de-em-
phasized;loyalty is directedto thechallenging
project, to the profession,or to one's self
rather thanto the organization.Organizational
andcareermobilityare acceptableandexpected.
Creativityandinitiative arevaluedmorethanthe
ability to carryoutroutineinstructions. Influ-
enceis basedonexpertiseandperformancecontri-
butionratherthanappointedposition.

Theself-managementmodelis similar to the
collaborativemodel,butmoreintensein its phil-
osophicalcommitmentto the ideathat humanswill
respondproductivelyto challengingopportuniti-
es. Animportantpartof this philosophyis that
a dedicatedeffort shouldbemadeto pushdeci-
sionmakingdownto the lowest possiblelevel.
Thisincludesevenapparentlyunimportantissues,
sincewhatmightseemtrivial to a managermaybe
veryimportantto anindividualemployee.Thera-
tionaleis threefold: (1) Peopleactuallydoinga
job mayhaveaccessto thebest informationabout
howthat job shouldbedone; (2) motivationwill
improve,resultingin improvedcreativity, initia-
tive, quality, productivity, and adaptability;
and(3) considerablylessoverheadis requiredbe-
causesurveillancerequirementsare decreased.
Muchattentionhasfocusedonblue-collar"autono-
mousworkgroups"and"self-managedworkgroups"
(Burck,1981). Amongprofessionalemployeesthe
philosophyof self-managementis mostoften seen
in "taskforceteams"whereindividualscometoge-
ther onthe basisof expertiseto solvespecific
problems.

Effectiveness of Alternative Models. Which

is the preferred organizational design model for

the space station, and what is the most effective

degree of individual autonomy within the organiza-

tional structure of the crew? Since an exhaustive

enumeration of possibilities has not been present-

ed here, no definitive conclusions may be made.

However, existing research data do suggest that

increasing levels of autonomy may improve organiz-

ational effectiveness. Furthermore, the direction

of corporate culture in the United States, challe-

nged by the success of the Japanese, has shifted

significantly towards more autonomy in the last

ten years.

Should the space station be organized as a

self-managing work group? In all probability, the

self-management model would not be the appropriate

level of autonomy for the beginning stages of the

station. Self-managlng work groups are a remark-

ably effective organizational form, but there are

startup expenses that require time to overcome.

Given the extraordinary cost of spaceflight, the

crew should be at a higher level of initial effec-

tiveness than the self-management model could imm-

ediately provide. Also, crew rotations on a week-

ly or monthly schedule, plus a changing population

with varying specialized mission assignments, are

incompatible with self-management which works best

over the long haul. In the near-term, station

crewmembers should begin their missions with s re-

latively known and stable authority and organiza-

tional system.

Beyond the four types of model described

above, there is another alternative for the space

station -- an expert-power-based or "crisis resp-

onse" organizational system. In this mode, autho-

rity would reside with the person who is expert or

has knowledge related to a given situation, per-

haps someone other than a commander or pilot. The

space station crew must be able to deal with the

possibility of extra,me crisis. Organizational de-

sign, like other design parameters, can contribute

to or detract from emergency response effective-

ness. In a crisis, the authority system must be

clear and the response to authority unquestioned,

much as in the military command and control model.

But the crisis leader may or may not be the nomin-

al day-to-day leader of the station crew. Crisis

leadership demands special qualities and training.

The central idea is that the station crew may fun-

ction well under one mode on a day-to-day basis,

but might also be trained to function under a dif-

ferent mode specifically designed to meet crisis

conditions.

However, there may be a few practical diffic-

ulties with this approach. Even the early Americ-

an navy had sailing masters, to navigate and mane-

uver the ship, and gunnery officers, whose job was

the care and feeding of very primitive and temper-

amental cannons. In each case the person in comm-

and was dependent on technical specialists, yet

this did not affect the nature of command authori-

ty. It seems unlikely that electronics will comp-

letely alter this situation. Further, in a dual-

mode system it might be difficult to prevent the

day-to-day manager from losing power to the crisis

manager, who likely is, by definition, a strong-

willed, powerful-personality, leadership-oriented,

"right stuff" type of person with a take-charge

attitude. Such a dual hierarchy could be very

unstable, leading to personal conflict in emergen-

cies and infighting during normal times when the

"man of action" cannot exercise his authority.

Problems may arise because of the seemingly

inevitable conflict between civilian and military

mentalities, and among the people loyal to each

camp. The close quarters of the station could

further exacerbate the situation.

Semantics as Symbols. Words and labels play

an important role in conveying hidden meanings

about the nature and implicit rules of organiza-

tions. These "implicit theories of organization"

imply that each individual has cognitive notions

of appropriate behavior and relationships within

organizations. The words frequently serve as

symbols but, unfortunately, in most organizational

designs key words are selected by default. Chosen

in this manner, the words often reflect the past

rather than what is desirable for the future. In

many ways, the semantics of NASA are symbolic of

an implicit theory of military organizational

design.

For instance, what should be the title of the

on-site individual "in charge" of the space stat-

ion? Going by past precedent, the most likely

candidate is "commander." The title carries many

connotations, hidden assumptions and values. A

commander gives orders, and it follows logically
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that it is thedutyof othersto followtheseord-
ers. Asanotherexample,in someproposedspace
stationlayoutstheword"wardroom"hasbeenused
to label a commonareawherethecrewmightmeet
or havemealstogether.Thiswordhasstrongcon-
notationsof a navalship,wherethewardroomis a
meetingareafor navalofficers. Andis a space
stationa "flight"? Will it havea "pilot"? Or
is a spacestationmoreof a "house,"a "labora-
tory," an"office," or a "factory", led bya "dir-
ector"or a "manager"?

Thechoiceof languageoftenconveysanimpl-
icit organizationaldesign. If that design has

not been deliberately considered and decided, then

it evolves by default. The default model, to be

consistent with semantics, frequently is one link-

ed to the past -- in the case of spacecraft and

space missions to date, the military. Whatever

organizational design model is ultimately sele-

cted for the station, consistent language, especi-

ally labels and titles, should be a clear and del-

iberate choice.

Skewed Sex Ratios and Tokenism in Crew Selec-

tion. Until recently, all astronauts in the U.S.

space program were white males. NASA has now add-

ed women and blacks to the corps. In both cases,

members of professionally rare groups will be fly-

ing with crews in which they are the only repre-

sentative of their group. The choice to send

crews into space with what are called "tokens" has

consequences for interaction dynamics, mental

health, level of aggression, and actual mission

performance. Since the space station will present

conditions of long-term isolation and confinement,

the presence of tokens could have serious negative

consequences for future space missions.

Research shows that the relative numbers of

socially and culturally different people in a

group are critical in shaping the social interact-

ion. "Skewed" groups contain a preponderance of

one type (the numerical dominants) over another

(the relative tokens). Kanter (1977a, b) investi-

gated token women in a male-dominanted sales force

of a large industrial corporation. The women in

the sales force were under strong performance pre-

ssures. They were much more visible than their

male peers, and were the subject of careful scrut-

iny, gossip, questioning, and of performance pres-

sures which were standards for the tokens alone.

Tokens performed under conditions different from

those of dominants because they were automatically

noticed and were told that their performance could

affect the prospects for other women in the comp-

any.

Tokens may operate under a number of handi-

caps in work settings. Social isolation can re-

sult in exclusion from important task learning and

task performance opportunities. Performance pres-

sure on tokens gives them less room for error. In

response to tokenism, underachievement or overach-

ievement is typical. When informal interaction is

a key to success (e.g., industrial sales, close

living and working on a space station) tokens may

not do well compared with members of the majority.

Tokens undergo a great deal of personal stress and

expend extra energy to maintain satisfactory work

relationships. Among the stresses are unsatisfac-

tory social relations, unstable self-images, frus-

tration over rewards, and social ambiguity.

Token crewmembers should not be isolated in

space station missions. Nearer-equal numbers of

men and women will promote more balanced behavior

by both men and women on future space missions.

Social isolation and psychological stress for the

token will be reduced. There should be few subst-

antial performance differences if the pressures to

overachieve or shirk from view are removed for the

tokens. Social relationships should be facilitat-

ed, as overachievers among tokens will no longer

fear retaliation for outperforming dominants and

dominants will no longer suffer public humiliation

for being outperformed. There will be more natur-

al displays of excellence, with appropriate accep-

tance and encouragement of excellent performance

among crewmembers. A remaining research question

is how many of a category are enough to change a

person's status from token to full group member.

When does a group move from skewed to balanced?

Evidently, even in small groups two of a kind are

not enough -- for example, when women number less

than 20% of the total, token dynamics operate

(Kanter, 1977a, b).

5.3.5 Organizational Aspects of the Human-Machine

Interface

Human factors engineering is so important in

the design of future machines and equipment to be

used in the space station that it is appropriate

to examine organizational issues within NASA which

are likely to facilitate or inhibit the contribut-

ions of this discipline. The following is a dis-

cussion of the human-machine interface from an or-

ganizational perspective.

An Augmented Human Factors Perspective. Hum-

an factors engineering has made substantial contr-

ibutions to the space program to date by combining

engineering and psychology to examine the human-

machine interface. The characteristics of the

isolated human thus are prominent in systems and

equipment design recommendations. A recent analy-

sis of space human factors derived from an ergono-

mic model of the human operator illustrates the

difficulty of this perspective: "The lack of a

systematic, comprehensive, and quantitative ergon-

omlc model brings about incomplete understanding

of the human operator as a system component, who

is often the main determiner of the system output.

Thus, technological systems relying on the human

as a system component may be laid out less than

optimal with respect to system performance and,

therefore, are suboptimal in their output." (Kroe-

met, 1982)

Organizational theorists note that technolog-

ical systems which rely on humans as system comp-

onents will predictably be sub-optimal in their

output whenever that system is imbedded in an org-

anizational context. What is missing from the

traditional human factors perspective is an aware-

ness of the larger context of the human-machine

interaction. Consider, for example, the contrast-

ing views on humans-in-systems decisionmaking.

In human factors engineering the focus is on

rational declsionmaking, based on a logical search

for all relevant information and examination of

all alternatives -- with an objective declslonmak-

ing process yielding the optimal choice. Human

factors engineers recognize limits but these are

likely to be seen as imperfections to be overcome

in the man-machine design. In contrast, organiza-

tional theorists assume that humans in organiza-

tions are rational in intention only. When prob-

lems are encountered, people search for action
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alternativesor consequencesof action. Finding
anoptimalalternativeis substantiallydifferent
fromfindinga satisfactoryalternative: Analt-
ernativeis optimalif (I) thereexistsa set of
criteria that permitsall alternativesto becomp-
aredand(2) thealternativein questionis pref-
erred,bythesecriteria, to all otheralternativ-
es. Onthe otherhand,analternativeis satis-
factoryif (I) thereexistsa set of criteria that
describesminimallysatisfactoryalternatives,and
(2) the alternativein questionmeetsor exceeds
all thesecriteria (MarchandSimon,1958).

Mosthumandecisionmaking,whetherindividual
or organizational,is concernedwith thediscovery
andselectionof satisfactoryalternatives. Only
in exceptionalcasesis it concernedwith thedis-
coveryand selection of optimalalternatives.
Thisis called"satisficing,"analogousto search-
ing in a haystackfor a needlethatwlll sewrath-
er thanseekingthesharpestneedle. In organiza-
tional analysis,satlsficing andcognitivelimits
on rationality arenot necessarilyimperfections.
Givena fairly disorderedworld,theimperfections
maymakesurvivalmorelikely (Perrow,1982). Hu-
manfactors engineersshouldconsiderexpanding
their modelof humancognitiveprocessesanddeci-
sionmakingto takeinto accountthewiderorganiz-
ational contextin whichthe equipmentoperator
works.

Currentresults in organizationalresearch,
theoryandpracticeindicatethat negative conseq-

uences flow from a single-minded focus on human-

machine relations. It is recommended that when

equipment is designed for the space station to be

used, maintained, or monitored by humans, a self-

conscious organizational analysis should be under-

taken to determine the probable impact of the des-

ign on human behavior within the organizational

setting. Ignoring the system properties of organ-

izations, which include the interrelations between

people and machines, invites unintended negative

consequences.

There will be increasing need for the skills

of human factors engineers as NASA begins to esta-

blish the desired levels of space station technol-

ogy. The contribution by human factors engineers

to this project will be substantially enhanced if

the background of these personnel is not limited

to a combination of engineering and psychology,

but also includes sociological or organizational

training. This will result in a richer, more hol-

istic view of people in organizational systems in-

teracting with various levels of machine technolo-

gy, rather than the more limited human-as-a-syst-

em-component view.

Human _actors En_ineerin_ and the 0ygaDiza-

tion of NASA. Perrow (1982) has analyzed equip-

ment and systems in which human factors appear to

have been neglected. He rejects the notion that

designers of such equipment are unaware of human

factors or are contemptuous of them. Rather, he

argues that the nature of the organization has an

impact on the attention given to human factors.

Perrow suggests that design engineers respond to

the rewards, sanctions, and prevailing belief sys-

tems of upper management. Management can induce

designers to utilize h_man factors principles by

structuring the reward system so that it is in the

interests of designers to take these principles

into account.

The work of human factors personnel and des-

ign engineers should be tightly integrated within

NASA to facilitate the requisite flow of informa-

tion between both functions. Human factors is of-

ten viewed as a qualitative or "soft" discipline,

in contrast to the quantitative or "hard" design

engineers (Meister and Farr, 1967; Perrow, 1982).

In high-technology organizations, "soft" translat-

es into lower status, lower social value, and thus

lower (often nominal) influence on management dec-

isionmaking. This social devaluation process end-

emic to all organizations guarantees that most en-

gineering designs will be formed using scientific

management principles, tightly focused on the hum-

an-machine interface, and will in all likelihood

discount social and organizational variables. Hu-

man factors engineers need not emphasize ever more

quantitative ergonomic faators; rather, top man-

agement should give explicit support to necessari-

ly qualitative socially-oriented factors via the

multiple signalling devices available to them.

For instance, the following unobtrusive meas-

ures might be taken:

• Ensure that human factors psychologists and en-

gineers are physically proximate to design engin-

eers so they can interact informally and build in-

dividual and group bonds.

• _ssign promlsXng design engineers to the human

factors group for a tour of duty, letting it be

known that this is essential to their training,

thereby enhancing the status of human factors eng-

ineering.

• Top managers can use the names of key human

factors scientists in casual conversation -- these

comments will be studied as closely as formal dir-
ectlves.

• Ensure that key human factors people are in at-

tendance, and occasionally ehalr, meetings concer-

ned with design specifications. Make sure every-

one knows the human factors people are present,

even if they play a small role in a given meeting.

• Publicize human factors contributions through-

out the design and management communities.

Another more direct means is to write specif-

ications into contracts requiring certification

that human factors were taken into account, and

how. Designers could be asked to explicitly desc-

ribe how actual designs accommodate practical hum-

an-machine considerations. NASA should consider

some of these recommendations to ensure sensible

designs of space station equipment.

It is generally good policy to involve users

and maintainers of equipment in the early decision

and subsequent design stages of automated equip-

ment. NASA has been commended in the past by beh-

avioral scientists for consulting astronaut-users

in design decisions. To make sure this process

continues, NASA upper management should clearly

state its expectations and facilitate organizat-

ional arrangements that allow close collaboration

among users, design engineers, and human factors

engineers. The attribution of operator error to

system failures is widespread in high-technology

systems outside of NASA. In many high-technology

organizations, designers work in isolation from

users, insulated from the consequences of their

designs. The human cost includes excessive fati-

gue, boredom, crushing workloads, isolation, frus-

tration, and accidents among operators. Much of

this could be avoided if operators participated in
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designreviewsandif designerswerebroughtinto
contactwithexperiencedoperatorsor wererequir-
edto operatetheir ownequipmentor at leastobs-
erve it in operation. This is, however,a top
managementpolicydecision.

High-technologyorganizationsare too easily
dominatedby scientific managementapproachesto
thedesignof equipmentandto thesubsequentman-
agementof equipmentusers. Theresult is that
workers,viewedasextensionsof themachine,are
programmedto theclosestdegreepossibleto simu-
latemachinereliability, witha rigid divisionof
labormaintainedbetweenthe planningof workand
its actualexecution.Instead,responsibilityfor
workplanningshouldbea joint functionof both
managementandworkers(e.g., astronauts),or del-
egatedasfar as possibleto theastronautsthem-
selves. Workplansdevisedexclusivelybymanag-
ers andschedulingengineerstypically produce
non-implementation,considerableunanticipated
strife, inefficiency,andsubstantiallyincreased
costs. Conversely,allocatingworkplanningresp-
onsibility to theworkers-- especiallythoseof
the intellectual, educational,andmotivational
caliberof theastronauts-- moreeasilyintegrat-
esthetechnicaland social subsystems of the org-

anization.

Most organizations neglect (if not deliberat-

ely defeat) the extremely flexible and creative

capabilities of the human component in the system:

"For want of a robot, stands an operator" (Perrow,

1982). NASA should take fuller advantage of the

flexible and creative qualities of its astronauts

as decisions are made regarding human-machine div-

isions of labor and regarding the potential abili-

ty of station personnel to self-manage their oper-

ations independent of ground control. There is

little evidence that existing lists of human and

machine advantages have been used in designing eq-

uipment or in determining the degree to which ast-

ronauts can be allowed to manage their own work.

To facilitate user input to equipment beyond

the initial design phase, NASA should consider

post-operative reviews to insure that user feed-

back is incorporated in the design enhancement

phase of engineering. A simple questionnaire,

sent with equipment and returned anonymously by

operators, could be exceptionally valuable -- esp-

ecially if the information flows directly to manu-

facturers, and NASA management implements appropr-

iate organizational incentives to acknowledge the

results in subsequent work. NASA's Aviation Safe-

ty Reporting System, operated by the Battelle Mem-

orial Institute, has received excellent evalua-

tions and has been suggested as a model for a hum-

an factors reporting system for space 9tation

equipment and technology development (Perrow,
1982).

Snace Station Human-Machine Interface, With

microprocessors readily available, the opportunity

exists to distribute data processing capabilities

throughout the space station. When decisions are

made to locate terminals, microcomputers and the

like, designers should consider the extent to

which location of terminals contributes to worker

isolation. Some isolation may be necessary be-

cause of various task safety requirements (e.g.,

biological experimentation), and intermittent iso-

lation may be desired for privacy in a cramped

work environment. Beyond this, however, astron-

auts should not be inadvertently isolated socially

from their peers by arbitrary equipment placement.

Isolation of workers and work groups promotes soc-

ial introversion, stereotyping, and undermines or-

ganizational ability to produce goal-orlented int-

egrated work.

It is a natural outcome of the automation

process that people will monitor machines, but

this promotes inattention and can result in the

degradation of skills necessary for system inter-

vention during failures and particularly during

crises. NASA should consider designs which requ-

ire the coordination of activity by two or more

operators. More extensive query capability could

be designed into automatic systems, allowing grea-

ter operator discretion and slowing any possible

atrophy of mental skills.

An alternative to machine monitoring by oper-

ators is the monitoring of operators by machines.

Systems could be designed to emphasize the control

of the operator over the system and the ability of

the operator to choose different ways to run the

system, and could provide for frequent or constant

feedback from a machine with appropriate queries,

warnings, and projections of future states. Perr-

ow (1982) remarks that the distinction, though

subtle, could have considerable positive consequ-

ences for attention, skill maintenance, and espec-

ially system comprehension.

Lessons from Lordstown for the Snace Station.

What general principles can be drawn from the in-

effective applications of scientific management in

Lordstown and Skylab -- as they apply to the ques-

tion of machine automation and human autonomy?

Machine automation should be used, whenever techn-

ologically feasible, to relieve people of routine

tasks which are dull or dangerous. However, the

remaining work for humans must be intellectually

stimulating. In planning a human-machine labor

division, interesting and challenging subtasks

should not be allocated to machines.

In automation work design, tasks are often

divided into narrowly defined, simple specialized

subtasks that are boring for people. Instead of

being relieved of routine, monotonous tasks, work-

ers can be forced, through poor engineering decis-

ions, to perform even duller, more narrowly defin-

ed jobs than prior to automation. One of the pro-

blems at Lordstown was that the tasks remaining

after automation did not require the mental stren-

gths humans possess.

Some residual work always remains after auto-

mation and is assigned to a human operator. When

a task or set of tasks is engineered for machine

automation on the space station, it is extremely

important that as much as possible of the monotony

of the task be absorbed by the machine. This des-

ign rule is cost effective because it capitalizes

on the strengths of people: large relational mem-

ory capacity, vast repertoire of behaviors, flexi-

bility in organizing these behaviors in response

to information inputs, and the ability to react

creatively when confronting the unexpected (Haber-

stroh, 1965). These strengths will be expensive

to synthesize in machines given current and near-

term robotics and AI technologies.

If it is technologically feasible to automate

only part of a routine space station task, then it

may be preferable not to automate the job at all.

Even many tasks regarded as routine can involve

complex interrelationships. Complexity derives

from two sources -- the number of elements which

must be taken into account and the degree of inte-

rrelatedness and interdependence among them. It
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is better not to reallocatelaborbetweenhumans
andmachinesif existingtechnologywill not per-
mit the peopleto retain complexityandinterest
in theremainingsubtasks.Asa rule of thumb,if
a managerial or engineering decisionmaker would

not be willing to perform the subtasks remaining

after task automation, then the task probably

should not be automated.

After complete or partial automation of a set

of tasks, it is common to treat human operators as

extensions of the machines. Scientific management

enthusiasts then attempt to program people using

the machine as a tool to gain increased speed and

efficiency. The goal is to optimize the output of

the human as a system component, as with the oper-

ation of computer-controlled assembly lines at

Lordstown in which production control, management,

and industrial engineers set the pace of the line.

When people are given substantial control

over the timing and sequencing of their work, eff-

ectiveness often greatly improves. Consider the

example of the Matsushlta Corporation's television

manufacturing plant in Franklin Park, Illinois.

Quasar, a division of the Motorola Corporation,

closed the unprofitable factory because of low-qu-

ality product, excessive reject rates, and high

re-work costs. In the plant, workers tried to

complete as much of their assigned job as they

could before the TV component was automatically

moved beyond their station by the computer-contro-

lled assembly belt. When the plant was purchased

by Matsushita, Matsushita hired from the original

pool of workers to re-staff the factory, increased

capital investment, emphasized quality wor_an-

ship, automated some of the assembly process, and

gave production workers greater responsibility and

autonomy in the conduct of their work -- especial-

ly assembly belt speed. Any worker on the line

could stop the belt at any time if necessary to

complete an assigned task. Using the same workers

Matsushita reduced defects to 4 per hundred tele-

vision sets as compared to 150 defects per hundred

achieved under the prior management (Encyclopedia

Brittanlca Films, 1982).

The computer has been conceptualized as a

technology of control (Blau et al., 1976; Pfeffer

and Leblebici, 1973). As long as management re-

tains the right to plan the conditions of work,

computers can be used to enhance control over the

workforce. Lordstown is not the only case of com-

puter-dominated assembly lines operated at a speed

selected to maximize productivity. Whisler (1967)

has studied and recorded many other instances in

which individual workers have lost control over

the timing and patterning of their activities as a

consequence of computer installation.

This need not be the case in space. The Mat-

sushita experience suggests that by using distrib-

uted processing capabilities currently available,

computer technology can enable allocation of a

substantial amount of control to the workers them-

selves while coordinating necessary elements auto-

matically among multiple distributed work sites.

The combination of computer technology and worker

override produces superior levels of productivity

and quality, an important point to remember in

space station automation design.

5.3.6 Summary of Needed Areas for Study

It appears that the Soviets have undertaken

social and behavioral research and have utilized

the results in their space program to a far great-

er extent than has NASA in the American space pro-

gram (Bluth, 1981a, b; Connors etal., 1984).

Some NASA personnel are beginning to worry about

the significance of Soviet concern with astronaut

behavior and social organizational issues. Accor-

ding to Sadin (1982), "it now seems clear that the

stage is set for extending a research analysis of

interrelated selection, training, and organizat-

ional problems [regarding U.S. astronauts]." At

present there is little reliable information on

social and organizational problems related to the

space station as a technological context for work.

To remedy this situation, and to help clarify the

degree of human and organizational autonomy most

appropriate for a manned space station, NASA

should undertake research on the following issues

and questions:

I. To what extent is the space environment

likely to introduce uncertainties into the work

setting, requiring very quick decislonmaking upon

which system survival depends? When the issue is

survival of the system rather than mission effect-

iveness or efficiency, what is the appropriate or-

ganizing mode? Under abnormal conditions the app-

ropriate organizational structure is unclear and

must be further studied. Much could be learned by

intensive case analyses to determine how astron-

auts have conceptualized these issues in the past.

In addition, the relationship between structure

under normal work circumstances and the structure

invoked during a period of system survival needs

to be considered. There are numerous examples of

Earth-based societies in which martial law was in-

voked during a period of crisis only to become in-

stitutionalized over time as the "normal" struct-

ure. Crises provide opportunities for substantial

power shifts. These issues should be carefully

thought out in advance, not just stumbled upon

during an actual crisis in space.

2. Space station planners should solicit the

ideas of past, present, and future astronauts and

ground-based personnel regarding station organiza-

tional design. The extent to which self-design is

feasible should be pursued in addition to those

structures which have already been implemented and

experienced.

3. Most of the research on isolated and con-

fined working environments is concerned more with

reducing the effects of isolation and confinement

than in focusing on the influence of organization-

al structure. Research is needed on comparative

organizational structures under conditions of iso-

lation, confinement, and a hostile external envir-

onment. In the past there has been a major reli-

ance on the military model or variations of it un-

der these circumstances, with poor results. Some

organizational variation has been introduced on

oceanographic research vessels and in the Alaskan

North Slope settings, but many more alternatives

must be uncovered and investigated.

4. Research is also needed to examine the

interactions between the formal (work) organizat-

ional structure and the social (living) structure

under conditions of isolation, confinement, and a

hostile external environment. The concern is with

the social relationships among people who also

llve where they work -- a space station may be the

ultimate "company town." The impact of social and

economic variables both on mission performance and

on the mental and emotional health of the crew may
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stronglyinfluencefinal spacestationdesign.
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CHAPTER 6

METHODOLOGIES FOR AUTONOMY

Contributions by

G.S. Danford

C.M. Dry

J.E. Ericson

C.R. Kurtzman
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L.J. Mmzlack

R.S. Wallace

P.J. Walsh

Systematic decision methodologies are needed

to help resolve many critical issues concerning

space station development, and to provide clarity,

precise definition, and consistency of judgment

and design. While detailed development of uniform

decision methodologies lies beyond the scope of

the present study, the workshop sought a higher-

level perspective on the most useful possible met-

hodologies for autonomy in the context of the

space program.

Workshop participants were challenged to add-

ress several broad methodological questions. For

instance, what is the nature of a space station

task that determines whether it is appropriate for

automation? What types of tasks should be alloca-

ted to humans? What combinations of people and

machines are most effective? What are the decisi-

on rules for function allocation among manned and

automated systems in space and on the ground?

What are the decision rules for determining wheth-

er a function can be performed better in space or

on the ground?

The methodology team confronted these issues

by considering rules and procedures to allocate

tasks and autonomy among different types of relat-

ionships and entities including (I) humans, machi-

nes, and human-machine systems; (2) physical/Inte-

llectual; (3) space/ground; (4) locus of control;

and (5) systematic relationships or cybernetic sy-

stems. The team reviewed 65 relevant decisionmak-

ing factors (e.g., who benefits from a decision,

communication channel loading, recurring and non-

recurring costs, development risks involved), 25

classes of allocated activities about which decis-

ions could be made (e.g., sensing, data collect-

ion, data storage and retrieval, planning, schedu-

ling), and 12 possible knowledge representations

for use in decision methodologies (e.g., decision

trees, rules, decision tables, task participation

grids) -- see Table 6.1.

Five specific methodologies are examined here

in more detail: Simple matrix methodology (ARAM-

IS), human-machine function allocation via expert

system (SSTAAMMER), decision matrices permitting

representation and analysis of uncertainty, ethno-

graphic methodology using cultural analogs, and

trend mapping. A sixth informal "scenario" metho-

dology, not included here, involved the creation

of fictional "day-in-the-llfe-of" sketches for va-

rious hypothetical station crewmembers, followed

by a brief functional analysis to uncover possible

missing components in space station planning. A

sample scenario appears in Appendix 7A.

There are a number of additional considerat-

ions in choosing an appropriate decision methodol-

ogy, not discussed here, which should be addressed

in a more comprehensive study. For instance, some

decision methodologies may have to deal with fact-

ors that are difficult to quantify. Appropriate

metrics must be identified to provide the basis

for making choices, such as cost, productivity,

effectiveness in completing tasks, and safety, and

standard definitions are critical. In particular,

a measure function or metric for autonomy should

be developed (see Appendix 6B.) Interconnectlve-

hess of tasks being allocated should be addressed

to determine how to deal with subsystems and supe-

rsystems most effectively -- a focus on details

may obscure the larger perspective. Some means of

handling evolutionary expectations should also be

developed.

6.1 Simple Matrix Methodology: The IR_IS Study

Prior to the present workshop, NASA sponsored

another substantial study of human-machine task

allocation -- known as Space Applications of Auto-

mation, Robotics and Machine Intelligence Systems

(ARAMIS), conducted during 1982-83 at the Massach-

usetts Institute of Technology (Smith et al., 19-

82; Howard et al., 1982). The purpose of ARAMIS

was to define and apply a generic methodology for

determining the optimum mix of humans and machines

in space which would yield the best performance at

minimum cost. The technological choices spanned

the range from fully human to fully machine, with

a number of intermediate options such as humans

assisted by computers and various levels of teleo-

peration. The ARAMIS method concentrates on the

production of a matrix relating "space project ta-

sks" to "capabilities."
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TABLE 6.1. CRITICAL FACTORS IN S_.ECTING AUTONONY DECISION METHODOLOGIES

RELEVANT METHODOLOGICAL FACTORS

• whose benefit

• radio communication load

• other communication

channel loading

• costs, recurring

• costs, nonrecurring

• preciseness

• maintenance, time

duration

• maintenance, frequency

• completion time required

• useful life

• failure proneness

• development risk

• safety to humans

• safety to machines

• safety, political

• certainty of task

definition

• certainty of task

completion

• iterations

• human satisfaction

• human health

• machine health

• feasibility, technical

• feasibility, operational

• utility of performer

doing it

• level of manned inter-

action

• frequency

• duration

• level of interaction

with any other system

• time phasing (at what

time in the operation

is it done?)

• type of relationship

with other elements

(hierarchical, network,

cyclic, non-cyclic)

• type of interdependence

(sequential, reciprocal

or pooled)

• type of integrating

mechanism (rules, feed-

back, plans, schedules)

• commonality of task

• uniqueness

• effectiveness

• efficiency

• allocated task vs.

negotiated

• reliance on formal

authority

• capacity for accommodat-

ing evolution

• critical path length

• manual dexterity

required

• number of separate

parts/modules

• time critical depend-

encies

• energy required

• man-machine timeline

chart(s)

• required strength/force

• nature of resources re-

quired (mass, avail-

ability, fragility)

• limits of perception

(visual -- acuity, res-

olution, bandwidth;

tactile; audio/aural;

olfactory/smell; taste;

kinesthetic)

• how long, how many for

type of task perform-

ance (people, machines)

RELEVANT SPACE STATION ALLOCATED ACTIVITIES

• sensing

• data collection

• data storage

• data retrieval

• non-computational data

collection/storage/

retrieval

• planning

• scheduling

• decisionmaking (command)

• communication

• control

• movement

• physical manipulation

• heating

• cooling

• gathering

• cleaning

• computing

• storing

• navigating

• locating

• identifying

• specifying and marking

• energizing

• penetrating

APPROPRIATE POSSIBLE KNOWLEDGE REPRESENTATIONS

• first order logic

• frames

• trees (digraphs)

• algebraic constructions

• semantic networks

• rules

• simple tables & matrices

• systematic tables

& matrices

• Venn diagrams

• decision tables

• "ten point must" tables

• "+", "-" matrices

• task participation grids
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Theoverall studymethodis illustrated in
schematicformin Figure6.1. Spaceprojecttasks
wereidentified from spaceproject breakdowns.
Fourspaceprojectswerechosenfor study-- (I)
theGeostationaryPlatform(GSP),a communications
relay satellite in geosynchronousorbit; (2) the
AdvancedX-RayAstrophysicsFacility (AXAF),anX-
raytelescopespacecraft;(3) theTeleoperatorMa-
neuveringSystem(TMS),a multi-purpose free-fly-

ing satellite tender; and (4) the Space Platform

(SP), a versatile platform for scientific and spa-

ce applications research. These four were select-

ed because they span the expected range of space

activities during 1985-2000 in communications, as-

tronomy, satellite servicing and support, and sci-

ence and applications development.

Each space project was then broken down into

five successively finer levels. At the most det-

ailed level are the smallest tasks required (e.g.,

Track Nearby Objects, Adjust Currents and Voltag-

es, Position and Connect New Component). The res-

earch team selected 69 of these space project

tasks, called "Generic Functional Elements" or

"GFEs," for detailed study. (For clarity, the 69

tasks were grouped into 9 types: Power Handling,

Checkout, Mechanical Actuation, Data Handling and

Communication, Monitoring/Control, Computation,

Decision and Planning, Fault Diagnosis and Handl-

ing, and Sensing.)

To clarify access to, and presentation of,

information on ARAMIS, the research team developed

a classification scheme for the field of Automat-

ion, Robotics, and Machine Intelligence Systems

comprised of 6 general "areas" consisting of 28

specific "topics" (Table 6.2). (Note the consid-

erable overlap between areas and between topics, a

natural result of active interaction of technolog-

ies in rapid development.) This classification

scheme was useful, both to identify experts on in-

divldual topics for consultation and to define ca-

ndidate ARAMIS capabilities to perform each space

project task.

For instance, the task "Position and Connect

New Component" might be satisfied by a specialized

manipulator specifically designed for this job, a

human in a pressure suit with appropriate assembly

tools, or a dextrous manipulator versatile enough

to do many other tasks as well (Figure 6.1). Each

such technological capability alone would satisfy

the space project task. In the actual study a to-

tal of eight candidate capabilities were defined

for this task -- (I) Dedicated Manipulator Under

Computer Control, (2) Computer-Controlled Special-

ized Compliant Manipulator, (3) Computer-Controll-

ed Dextrous Manipulator With Force Feedback, (4)

Computer-Controlled Dextrous Manipulator With Vis-

ion And Force Feedback, (5) Human In EVA With

Tools, (6) Specialized Manipulator Under Human

Control, (7) Dextrous Manipulator Under Human Con-

trol, and (8) Teleoperator Maneuvering System With

Manipulator Kit. Many capabilities have multiple

applications, thus become candidates for several

space project tasks. Ultimately, 78 specific cap-

abilities were defined in this fashion.

The early development of some capabilities

can enhance the later development of others.

There is a favorable order of R&D, starting with

simple concepts and building up to more complex

options. Almost all of the 78 capabilities defin-

ed in the study are interrelated in this fashion.

A graphical representation of capabilities which

enhance others, forming a favorable sequence of

FIGURE 6. I. _L_ STUDY METHOD: SPACE-PROJECT-TASK/ARAMIS-CAPABILITY MATRIX

SPACE

PROJECT

TASKS

SPACE

PROJECT
BREAKDOWNS
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TOPICS

99



TABLE6.2. LIST OF AI_AMIS =AREAS" AND =TOPICS"

MACHINERY

• Automatic Machines

• Programmable Machines

• Intelligent Machines

• Manipulators

• Self-Repllcation

DATA-HANDLING

• Data Transmission Technology

• Data Storage and Retrieval

• Data and Command Coding

• Data Manipulation

SENSORS

• Range and Relative Motion

• Directional and Pointing

• Tactile Sensors

• Force and Torque Sensors

• Imaging Sensors

• Machine Vision Techniques

• Other -- Thermal, Chemical,

Radiation, etc.

COMPUTER INTELLIGENCE

• Scheduling and Planning

• Automatic Programming

• Expert Consulting Systems

• Deductive Techniques (e.g.,

Theorem Proving)

• Computer Architecture

HUMAN-MACHINE

• Human-Machine Interfaces

• Human Augmentation and Tools

• Teleoperation Techniques

• Computer-Aided Design

FAULT DETECTION AND HANDLING

• Reliability and Fault Toler-

ance

• Status Monitoring and Failure

Diagnosis

• Reconfiguratlen and Fault

Recovery

development, is called a "technology tree." This

large and complex technology tree was broken into

eight simpler subtrees with interconnections among

them.

After defining candidate capabilities for

each space project task, the relative merit of

each option was evaluated using Decision Criteria

Comparison Charts -- one for each of the 69 space

project tasks. For example, in the Chart for "Po-

sition and Connect New Component" (Table 6.3), the

relative merits of each of the eight options were

evaluated by rating their decision criteria on I-

to-5 scales, with I representing favorable perfor-

mance and 5 unfavorable. A capability was judged

promising if it received favorable decision crite-

ria values in its applications to tasks. A total

of 69 Decision Criteria Comparison Charts were ge-

nerated.

Subsequent review of decision criteria values

and technology trees identified promising applica-

tions of ARAMIS. A capability was judged promls-

ing if it received favorable decision criteria va-

lues in its applications to tasks, or if it signi-

ficantly enhanced the development of other useful

capabilities in the technology trees. Decision

criteria values were reviewed by calculating aver-

age sums of values for each candidate capability.

Space project tasks were first separated according

to the 9 task types (e.g., there are eight tasks

of the "Mechanical Actuation" type), and results

from all candidate capabilities to perform those

eight mechanical actuation tasks were combined a_

in Table 6.3.

This table shows that fifteen capabilities

are candidates for the eight mechanical actuation

tasks. The rightmost column identifies the number

of tasks for which each capability is a candidate.

For instance, the Automated Docking Mechanism is a

candidate for only one task, whereas the Onboard

Deployment/Retraction Actuator is a candidate fo:,

five tasks. The average sums (all criteria) shown

in the first column were calculated by simply
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TABLE 6.3. ARAMIS DECISION CRITERIA COMPARISON CHART AND AVERAGE sUMS

'['ASK: POSITION AND CONNECT NEW COMPONENT

TA5_ TYPE: C. Mechanical

Actuation

The movement, alignment, insertion, and fastening of a

component to (or into) a spacecraft. This includes the

fastening of mechanical, electrical, and fluld interfaces.

The inverse of this task covers the disconnection and re-

moval of components from a spacecraft. Since the task

includes alignment of the component, it requlres either a

close-tolerance actuator in a close-tolerance worksite

geometry, or complianc_ in actuator or worksite, or feed-

back to the actuator control.

DECISION CRITERIA

CANDIDATE ARAMIS CAPABILITIES:

61
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adding the seven decision criteria values received

by the capability in each of its applications,

then averaging together all of these totals.

For example, the Computer-Controlled Dextrous

Manipulator With Force Feedback received values 2,

2, 4, 2, 4, 2, 4 (Table 6.3), for a sum of 20 in

its application to Position and Connect New Compo-

nent. However, this capability applies to 6 other

mechanical actuation tasks as well, and received

different totals in those applications. Averaged

together, these yield the average sum of 23.43

shown in Table 6.3. Since the capabilities are

ordered according to their average sums (all crit-

eria), the unfavorably high average sum of this

capability gives it a low ranking. Columns 2 thr-

ough 8 in the table result from the same proced-

ure, but omitting one decision criterion in each

case. This shows the sensitivity of the average

sums to the criteria. The Automated Docking Mech-

anism, for instance, shows relatively little chan-

ge if recurring cost is omitted (it is not expens-

ive to operate) but shows significant improvement

if failure-proneness is ignored (its high failure-

proneness rating is due to the severity of any

failures).

The best that can be said for ARAMIS is that

it achieved its limited objective of making recom-

mendations for technology development, since vali-

dated and shown to be critical for the future of

space utilization. However, as a general-purpose

methodology the simple matrix method leaves much

to be desired. The evaluation procedure is subje-

ctive, both in its estimation and review of decis-

ion criteria values. The summing and averaging

procedure assigns equal (unwelghted) importance to

all seven decision criteria. In specific space

missions, this equivalence might not hold. For

example, for maintenance tasks performed once eve-

ry three years the time required may be far less

important than the failure-proneness of the maint-

enance device performing the task. Far more det-

ailed case studies are needed to make final decis-

ions on the most favorable use of the ARAMIS meth-

od for specific space missions.

Additional problems arose because the ARAMIS

study focused its examination at too detailed a

level at the expense of larger perspectives. For

example, breaking down satellite servicing operat-

ions into many small subtasks (e.g., Position and

Connect New Component) makes it difficult to prop-

erly evaluate the complete operation. The method-

ology may recommend that one part of the servicing

operation is best done by EVA and another part by

telepresence, but often there are advantages to

using only one of these capabilities for the ent-

ire operation. The methodology also cannot resol-

ve parallel decision choices -- as, for example,

when data clearly indicate that servicing one sat-

ellite is best done entirely by EVA and servicing

another is best done by telepresence, but budget-

ary constraints allow only one of these technolog-

ies to be developed.

Another potential problem with this methodol-

ogy is the difficulty of using its results. Both

Smith et al. (1982) and Howard et al. (1982) were

over 1000 pages in length, containing numerous ta-

bles and numbers. Such reports are more useful

for reference than for reading, and are well-suit-

ed to computer-based operation where a computer

data management system can easily guide the user

to the information of interest and interact with

users to change capability evaluations based on

the characteristics of a particular space project.

An interactive system could utilize expert system

rules to make recommendations as to the choice of

optimum utilization of human and machine capabili-

ties.

ARAMIS researchers concluded that the simple

matrix method could not replace the judgment of

the Project Engineer and alone could not serve as

an all-encompassing system to select the best cap-

abilities for space project tasks. Rather, the

best the method can accomplish is to prepare opt-

ions for project engineers, to present background

information and data sources on available options,

and to display informed opinion on potential adva-

ntages, disadvantages, and relative merits of each

option. Final decisions involve constraints and

requirements specific to a particular space proj-

ect. The ARAMIS method thus provides information

to support the decision process and offers a syst-

ematic approach to the choice: Input data can be

refined and updated, evaluations reviewed one at a

time, and various weightings tried on the criteria

values, to improve the decision.

6.2 Expert System for Task Alloeatlon: SSTAA_fl_ER

Simple matrix methodologies are non-interact-

ive and have trouble incorporating the expertise

of many disciplines. An alternative decision

methodology for human-machine task allocation em-

ploys expert systems, a relatively new artificial

intelligence technology which embodies rule-based

knowledge and a weak theory of reasoning from un-

certain evidence. During the present study, sam-

ple rules (knowledge) for making resource allocat-

ion decisions were coded into a computer-based ex-

pert system called SSTAAMMER (Space Station Task

Allocation Among Man and Machine, an Expert Rea-

soner). SSTAAMMER can only be regarded as an in-

complete prototype or demonstration system -- a

more definitive system would have required the

prior existence of a fully developed software

package for which rules could have been developed

during the course of the workshop.

Broadly speaking, an expert system is a comp-

uter program designed to offer advice that normal-

ly must be provided by a human expert. Expert sy-

stems are distinguished from other computer progr-

ams because their "knowledge base" (internally

supplied data) is separate from the "inference en-

gine" (the mechanism that makes decisions based

upon this knowledge). The inference engine draws

upon externally supplied data relating to some

specific situation, then uses information in the

knowledge base to resolve the problem. Further,

expert systems try to capture the heuristics or

rules-of-thumb that an expert uses to solve prob-

lems in the particular domain. (A mathematical

model may be part of an expert system but is not a

necessary feature.) Expert systems have been

built to diagnose disease, analyze mass spectro-

graphs, configure computer hardware, and to solve

analytic equations. Expert systems have also been

applied to planetary space mission planning and to

shuttle crew activity scheduling.

A knowledge base is coded into an expert sys-

tem in the form of subjunctive rules of the form:

IF antecedent I AND

antecedent 2 AND ...

antecedent m

THEN consequent I AND

consequent 2 AND ...

consequent n.
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Theinferenceenginematchesanhypothesisto a
consequenceoZoneof therules. Theantecedents
thenbecomenewhypotheseswhichmustbeproven.
If they are not provablefromwhatthe system
knowsor canfind out, thesystemmaybackupand
try anotherrule. If theconsequentscanbeprov-
en, thenthesystemhassucceededin reasoningout
anargumentfor thehypothesis.

Fewthingsareabsolutelycertain,soexpert
systemsfrequentlyincorporatetheoretlcally-weak
techniquesof reasoningfromuncertainevidence.
Sucha techniqueinvolvesattachinga certainty
valueto eachfact andan attenuationvalueto
eachrule. Attenuationvaluesmaybecombinedal-
gebraicallywith certaintyvaluesof antecedents
to yield newcertaintyvaluesfor theconsequents.
Thistechniquewasemployedin constructingSSTAA-
MMER.Thefollowingis anexampleof thekindof
rule usedin SSTAAMMER:

IF the task requiresperceiving patterns in

noisy data,

there is suggestive evidence that the

task should be automated.

Individual facts are assigned a certainty

factor between zero and one by the user. "Cert-

ainty" is defined only vaguely; a certainty fact-

or is neither a truth value nor a probability,

since these are combined very differently. Simil-

arly wlth each rule there is a built-in attenuat-

ion factor, also between zero and one. For examp-

le, a numerical attenuation factor is associated

with Rule I, indicated by the phrase "there is

suggestive evidence." Similar rules were assigned

attenuation factors between 0.5 and 0.7.

If a conjunction of several facts (A I and A2

and ... and A n ) is needed in a rule R to conclude

another fact C, then the certainty of C is given

by the minimum of the certainty of the A i times

the attenuation factor of R. Thus the evidence

for a conclusion can never be stronger than the

evidence for any of the claims supporting it.

If either of two facts (FI or F2) are suffic-

ient to conclude another fact C, then the certain-

ty of C is given by:

Certainty (C) = Certainty (FI) +

(I - Certainty (FI)) x Certainty (F2).

Thus multiple reasons for concluding a fact each

contribute to the overall evidence for the fact.

Each time another reason is found for concluding a

fact C, the certainty of C becomes closer to one.

Very often facts which are antecedents in one

rule are consequents in another, as for example:

Ruler --

IF the task requires perceptual abilities be-

yond the range of human limits

there is very strong evidence that the

task should be automated.

The antecedent of Rule 2 is the consequent of ano-

ther rule:

IF the task requires tactile sensation out-

side the range of human limits

OR the task requires aural sensation out-

side the range of human limits

OR ...

the task requires perceptual abilities

outside the range of human limits.

Similarly, the facts in the antecedent part of

Rule 3 can be found in the consequent parts of

still more specific rules.

The particular rule set used in SSTAAMMEH was

derived from several sources, including yon Ties-

enhausen (1982) and the workshop participants.

The entire rule set is reproduced in Appendix 6A,

together with a complete printout of the SSTAAMMEH

program (written in Lisp and executed on a DEC-20

computer).

Expert knowledge relating to space station

automation is "bushy" in the sense that there are

few hypotheses (either automate a task or leave it

to a human, either do the task in space or on the

ground) but many possible reasons for concluding

one hypothesis or another. If the set or rules

were diagrammed as a tree with the hypotheses at

the roots, the tree would look llke a squat bush

with many branches. A particular attention-contr-

olling technique has been developed for guiding

the search through this "bush."

The bushy structure of knowledge about task

allocation has a considerable influence on the de-

sign of the expert system. It was judged undesir-

able for SSTAAMMER to spend a long time exhausting

all possible reasons for concluding that the task

should be done by a human (or machine) before inv-

estigating any of the reasons for allocating it to

a machine (or human). Instead, the system checks

the most likely reasons to automate, then the most

likely reasons to allocate the task to a human,

then the next most likely reasons to automate and

so on until certainty for one hypothesis or the

other is reached. To thus reduce the search space

in the horizontal dimension, SSTAAMMER,s attention

is periodically shunted from one hypothesis to the

other. Shifting takes place only after a reason-

able number of arguments (usually five) have been
tried.

Just as it is not always desirable to search

all the way across possible reasons horizontally

in the tree-like knowledge structure, so it is not

always desirable to search as deeply as possible

vertically. The search space in the vertical dim-

ension is reduced by asking users whether they can

supply information that will prune branches from

the search tree. For instance, the system might

inquire whether the task under consideration de-

mands perceptual abilities beyond the range of hu-

man limits. If the user supplies a negative or

positive answer, arguments regarding individual

sensory requirements need not be pursued. Specif-

ic sensory requirements are investigated only if

the user cannot answer the more general question.

Finally, SSTAAMMER has some limited capabil-

ity for explanation. This capability takes two

forms. First, the system can say why it is asking

a particular question -- if, after asking a quest-

ion, the system is queried "why?" it will explain

how the requested fact could be used in a rule to

derive another fact. Second, SSTAAMMER can expl-

ain how it reached (or failed to reach) certain

conclusions. Once it is finished and states eith-

er that it accepts one hypothesis or that neither

can be concluded wlth any certainty, asking "how?"

causes the system to display a review of the argu-

ments used to validate (or invalidate) the hypoth-

eses. A sample run is shown in Appendix 6A.
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6.3 Decision t_triees: The Geomet_ of

Uneer tainty

Systematic matrices are used to represent

complex systems under design, and help to under-

stand interrelations among system elements. In

more sophisticated analyses, weighted values app-

ear in place of simple plus/minus indicators.

However, most decisions are not cleanly defined

and there is an element of doubt as to their corr-

ectness. This element of doubt can be expressed

in terms of fuzzy logic as well as statistics, but

decisionmakers often reject these methods as un-

clear or abstract. Three-dimensional decision ma-

trices are a geometric representation of uncertai-

nty wnich might possibly be developed into a use-

ful decisionmaking tool -- a display of informat-

ion more palatable for the spatially oriented per-

son. Matrix analysis is traditionally the domain

of the mathematician, physicist, and engineer.

The introduction of heuristic geometrical methods

may greatly broaden the utility of matrix methodo-

logies.

For example, if a group of experts is making

decisions regarding a particular set of tasks or

is estimating contingencies of certain variables,

executives may wish to knew some fundamental info-

rmation about the group process. This may include

reliability and variation of results, comparabili-

ty and reproducibility of the consensus among like

groups of experts, variability of the decisionmak-

ing process, structure of information generated,
differentiation between known and unknown informa-

tion, and areas requiring further research.

The experts might use a "must do" scale from

1-10 to score decisions, allowing their independ-

ent scores to be collected and the statistics of

the consensus and variation of the decisions to be

derived. If these numbers are simply used to con-

struct a contingency table (much like ARAMIS; see

section 6.1), the structure of the information may

not be immediately apparent. Statisticians could

perform a number of technical manipulations to an-

alyze the data, but the results likely would not

be readily comprehensible to decisionmakers trying

to understanding the nature of the decision pro-

cesses. A graphical display format would be far

more effective.

For instance, consider a decision space con-

sisting of two primary variables defining a planar

matrix. The third (vertical) dimension can now be

used to display the central tendency (mean, mode,

or median) and its variation (standard deviation,

variance, or range), or even statistical measures

such as skewness or kurtosis, of the group decis-

ion score for each planar element. A small, vert-

ical rectangular element then expresses the centr-

al tendency centered on the mean score for each

cell, with variation represented by vertical ext-

ent above and below the mean. If the statistics

are expressed on a cell-by-cell basis throughout

the matrix a three-dimensional topography of scor-

es is created.

The three-dimensional decision matrix permits

some operations of interest. Decisions may be or-

dered hierarchically, the cells with highest valu-

es placed in the upper right-hand corner, those

with the lowest values in the lower left-hand cor-

ner, and those with intermediate values placed in

rank order using the upper right-hand rule for

higher values. This creates a topography high in

the upper right and low in the lower left, a surf-

ace called a "priority matrix." Decisions also

may be ordered hierarchically on group consensus,

with variation as a measure of the consensus. Us-

ing the right-hand rule to create this topography

yields a matrix which describes the decisions with

the least consensus in the upper right-hand field

and those with the greatest consensus in the lower

left-hand field. This surface, called a "consens-

us matrix," is extremely useful in understanding

the structure of decisions and the reliability of
answers.

It might also be useful to know something

about the degree of convergence on certain variab-

les. In the analysis of decisions, unexpected

structure may appear in the ordering of the varia-

bles. Using the three-dimensional data matrix,

variables represented by rows and columns could be

arranged in hierarchical order using the right-

hand rule. Arranged by central tendency the hier-

archical matrix would express the variables with

the highest to lowest priority. Arranged by vari-

ability, the hierarchical matrix would express the

variables from most consensus to the least. Asym-

metries in the decisionmaking process could be an-

alyzed using kurtosis and skewness as statistics

to examine bimodality of group decision or asymme-

try around the central tendency. The decision ma-

trix could show the repeatability of results or

biases produced by group composition -- for examp-

le, perhaps groups of experts drawn from different

fields have similar central tendencies when faced

with similar decisions or problems. Also of int-

erest is the dynamics of decisionmaking given dif-

ferent time and other constraints -- three-dimens-

ional matrices might help clarify these processes.

6.4 Ethnography and Terrestrial Cultural Analogs

Data drawn from cultures around the world

provides useful information for behavioral analy-

sis. Ethnographic, psychological and sociological

data can be used to predict, plan for, interpret,

and modify behavioral conditions on the space sta-

tion. Different cultures can help define the

range of human response to similar environmental

conditions, thus are germane to understanding the

human element in space. The basis of this method-

ology is the examination of social science data

for trends in response to comparable conditions.

Similar responses suggest the potential for cult-

ure-independent causality. At least four cultures

can be drawn upon to understand specific aspects

of the space station (Table 6.4). Here, Eskimo

culture is briefly reviewed to illustrate the use-

fulness of this methodology in projecting individ-

ual behavior in isolated and confined environ-

ments.

Terrestrial "analogs" suggest several behav-

ioral factors expected to be significant during

long-term spaceflight. (Analogs are any Earth-ba-

sed simulation or natural working or living arran-

gement that can provide information useful to re-

searchers studying space habitation -- Antarctic

and Arctic stations, oceanographic research vess-

els, programmed environment laboratories, submari-

nes, undersea laboratories, and space simulators.)

Knowledge gained from studying these analogs may

help to identify new areas of potential concern to

space station designers, controllers, and crew.

6.4.1 The Eskimos: Cultural Adaptation to

Isolation and Withdrawal

Social withdrawal of the individual in a con-
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TABLE6.4. CONDITIONSON THE SPACE STATION, SOCIOLOGICAL STUD][ GROUPS, AND CULTURAL aNALOGS

CONDITION

Atrophy of Legs

Small Task-Directed,

Male, Work Group in

an Isolated and Harsh

Environment

(Not Confined)

Small, Isolated (6 mo.)

Confined Groups

in Extremely Harsh

Environment

SOCIOLOGICAL STUDY GROUP

l

Paraplegics

Miners and Small Mines,

Other Groups

Attic Pipeline,

Antartic Scientific Base,

Salyut,

Submarines

CULTURAL ANALOG

Warrau Indians

(Venezuela)

Camel Herders,

Trans-Saharan or

Chinese Turkestan

Eskimos

fined and isolated environment may be one of the

major psychological problems facing the future in-

habitants o_ the space station (B.J. Bluth, pers-

onal communication, 1983). From our cultural per-

spective the appropriate response to social with-

drawal is to socialize the person back into the

group by implementing a strategy that "requires a

systems approach which will harmonize the individ-

ual within the group within the environment" (Mc-

Neal and Bluth, 1981). However, primary data on

EsKimo culture suggests the importance of social

withdrawal and a strong need for individual auton-

omy under these conditions.

In winter camp the Eskimo group size averages

9 inaividuals, living in an 18-foot diameter house

with one or more small satellites connected by a

tunnel and set off at angles of 120 ° with respect

to each other. The sleeping platform occupies

roughly half of the main room. The other half of

the room is the corporate work area with a window

to let in light when the Sun or Moon are up. Acc-

ess to this work space is negotiated by different

individuals at different times. One-thlrd of the

space is used for the single hearth to thaw meat

and to dry wet clothes. Storage space is avail-

able in the satellites or on the sleeping plat-

form. The informant, Professor Lewis Binford

(personal communication to J. Ericson, 10 August

1983) of the Department of Anthropology, Univers-

ity of New Mexico, wintered in one such house with

a caribou-skin roof covered with packed and glazed

moss and snow. Binford contrasted this spatial

arrangement with summer camp, in which the same

people spread out over kilometer-wide areas in

family groups separated by 200-300 meters.

During winter camp the Eskimo is an autonom-

ous person who strives for individuality in the

confined environment. A number of social mechan-

isms are used to insure this. Adults do not talk

about each other but rather focus on the behavior

of children or pets. (It is said by Eskimos that

a wlnter without children will be difficult.) The

canine breeding cycle is carefully controlled so

that pups will be born in the house during winter.

In this intense and confined space individuality,

not relationships or role performance, is emphasi-

zed. Children are trained very early to respect

privacy and personal space. If an adult is on the

sleeping platform, the children will not ask ques-

tions or play in the vicinity. Personal space is

achieved by partitioning off sectors with skins to

block light and sound. Marriage arrangements do

not dictate role responsibilities. Intimacy is

individualistic and may involve a group, anonymity

by using costumes, or a ceremony. Intimacy in

this fashion is an important mechanism of social

interaction. Nearly every six weeks there is some

form of corporate activity which requires extreme

cooperation. This may be an intimate event, which

would be considered immoral sexual behavior from

our cultural perspective.

Among Eskimos who have not been in touch for

some time the greeting is "are you upside down?"

(i.e., are you mentally "up" or are you near a

sleep period)? This greeting expresses the unpre-

dictability of individual schedules. During win-

ter, Eskimos keep their own personal eating and

sleeping schedules which continually change throu-

ghout time. Within a household the schedules may

be staggered for different family members. When

tired from working on his kayak, a man will Just

go to sleep. Sleep cycles are shorter and more

frequent than for average Americans. There is no

corporate schedule or group schedule. If a corp-

orate work force is required for a particular

task, considerable discussions are conducted prior

to the activity. Agreement on the task is consid-

ered a good idea. Corporate activities are per-

ceived as an individual response to a situation

rather than as a role responsibility. Each indiv-

idual reorients his schedule to coincide with the

corporate task, but returns to his staggered sche-

dule after the task is completed. Our western

tradition emphasizes cooperation, but the stress

of confinement can amplify even the slightest dis-

ruption or disagreement. The fierce independence
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of the Eskimos seems to reduce the number of these

events. It is perfectly acceptable to withdraw

socially.

Eskimos will occasionally go outside to coll-

ect firewood or other items. Extramural excurs-

ions are limited for the young and elderly. The

"outside" is created psychologically by detailed

and descriptive story-telling. People tell stor-

ies of the "outside" to compensate for confine-

ment. Story-telling is a high art-form among the

Eskimo people, one of the earliest skills taught

to children. Eskimos generally have high verbal

skills reflecting this training.

The Eskimo model might be applied to the

space station. Crewmembers should be selected

from among those individuals who possess the trait

of extreme individualism and yet are willing, on

call, to give up their individualism and enjoy

being members of a group involved in an intense

interaction. Crewmembers should be allowed to be

autonomous in establishing their schedule, which

may not conform particularly with that of other

crewmembers. The crew should be sexually hetero-

geneous, self-motlvated and responsible for their

own acts. Space station design should allow for

personal space as an individual haven, provide a

means of achieving privacy, permit individuals to

leave the main unit, and provide spaces that can

serve many functions at the discretion of the

crew. Pets and, in the more distant future, chil-

dren may be useful during interpersonal arbitra-

tion.

6.4.2 Isolation and Confinement

Isolation and confinement produce numerous

symptoms commonly associated with stress (Bluth,

1979, 1981a,b, 1982; Helmreich, 1983; MeNeal and

Blurb, 1981; Santy, 1983). Santy (1983) provides

an excellent summary of behavioral and psychophys-

iological research, some proposed methods for fut-

ure research, and a discussion of issues bearing

on space exploration.

Consistent findings from analogs and simula-

tions are that boredom, restlessness, anxiety,

sleep disturbances, temporal and spatial disorien-

tation, anger, and poorer task performance are

commonplace under conditions of isolation and con-

finement. The most frequent complaint at remote

stations is sleep disturbance, followed by depres-

sion, headache, irritability, and other somatic

disorders. All these symptoms increase over time

(Santy, 1983). Pre-sereening and testing cannot

identify susceptible individuals. A few claim

that sensory deprivation, often encountered during

isolation and confinement, will not be a problem

in space (Berry, 1973). However, there have been

no extended flights to give experience with llfe

in an isolated space environment aside from the

brief habitation (84 days) of the American Skylab

and the Russian Salyut program -- and these have

not been without incident (Cooper, 1976). Isolat-

ion and confinement can produce severe effects in

groups of any size and must be taken into account

when designing long-term manned space facilities.

The Russian experience differs somewhat from that

of American astronauts (Bluth, 1981a), perhaps in

part because the Soviet Union has established a

psychological/social support team for cosmonauts.

American researchers are now studying the ef-

fects of long-term confinement and isolation which

may give insight into the human and social factors

affecting performance in space (Bluth, 1981b).

For instance, Antarctic bases are populated by

crews of various sizes and cultural mixes. Early

research results indicate significantly increased

stress, though not all participants are affected

similarly. Oceanographic research vessels also

carry crews and scientists of widely varying back-

grounds. Differences between ship crewmembers and

scientific investigators have caused problems exa-

cerbated by the lengthy tours -- but not all ex-

periences involving ship crews have been negative

(Blurb, 1981b).

None of the American space flights has lacked

for work. Shuttle crew scheduling is calculated

in several-minute increments. Taylor (1911) would

have been proud of the extent to which scientific

management is practiced in the space program.

Hart and Bortolussl (1983) are studying the area

of workload for commercial airline pilots and are

developing a research methodology to study this

subject from a scientific, rather than anecdotal,

viewpoint. Other research in the industrial and

academic community (Hackman and 01dham, 1980;

Freeman, 1982) bears on the relationship between

work on job design and the workers' reactions to

design of work. Many different models and new ap-

proaches are appearing in the business community

and may be useful in the space program. For exam-

ple, Brady and Enuerian (Rice, 1983) at Johns Hop-

kins Hospital are studying how to increase produc-

tivity and decrease friction among small groups.

Thus far their subjects have been restricted to

students in groups of two or three, but this work

may ultimately generate helpful behavioral guide-

lines for social and task design in a manned space

station.

Because of the differences between terrestri-

al comparison situations and on-orbit locales, the

analog methodology must be extended using social,

psychological, and organizational analyses such as

those described in Chapter 5. These analyses

should select applicable features of known situa-

tions, and should suggest how to assess potential-

ly novel features of space-based groups and organ-

izations.

6.5 Trend MapplnK Methodolo_

Trend analysis, a new management tool using

information from networks (Bennigson, 1972), is

designed to show important relationships between

work groups in a project in order to diagnose pro-

blems and to aid in the design of management syst-

ems. Space station projects often involve uncert-

ainty about real resource requirements, are done

only once, and pose large planning and control

problems. The manager can use this group network

methodology to model coordination needs and relate

these needs to solutions. Groups may include any

available combination of humans and machines.

In the trend method, the groups' interdepend-

ence needs are modeled (Thompson, 1969) along with

the accompanying recommended mechanism for inte-

grating the activity of the groups. For instance,

sequential activity in which one group must act

before another demands a plan or schedule. Reci-

procal activity between groups requires a feedback

or mutual adjustment mechanism. Next, the group's

level of uncertainty inherent in the activity is

assessed and the interaction among groups with va-

rious degrees of uncertainty is modeled. Short-

duration task-oriented functions which rely on

formal authority represent a low degree of uncert-

ainty; groups (or machines and groups) engaged in
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long-durationinterpersonal-orientedtaskswhich
donotrely onformalauthorityarecharacterized
ashavinga highdegreeof uncertainty.

Researchshowsthat theinteraction,say,be-
tweentwogroupswitha highdegreeof uncertainty
shouldbedirect, complex,andby committee.Two
groups,onewithhighandtheotherwith lowun-
certainty,will integratethemselvesby indirect,
third party integratorsor a separateintegrating
group. Groupswith lowdegreesof uncertaintyin-
tegratetheir workanddecisionsbydirect, simple
mechanismssuchasa managementhierarchy,paper-
workor contactlay representatives.Thereason
for theseresults is not yet entirely clear.
Groupsvery different in organizationalorienta-
tion literally speakdifferentorganizationallan-
guagesand,if theyareto relateeffectively, re-
quirea third partywhospeaksbothlanguagesto
translateandto integratefor them(Lawrenceand
Lorsch,1969). Anotherinterpretationis that
morecomplexintegratingmechanismsare required
asthedegreeof uncertaintyincreases(Bennigson,
1972).

Anotherimportantcharacteristicof groupsis
their relative prestige/authoritymix. Collabora-
tion is moredifficult whenrelative prestigeand
relative authorityrelationshipsarenot consist-
ent. Onewayin whichrelative authoritymaybe
establishedis in termsof interdependencies,
wherethe partywnichis dependentis considered
to havelow relative authority. Conflict maybe
anticipatedwhere,for example,GroupAdepends
heavilyonGroupB, but GroupA hasmuchhigher
prestigein theorganizationthanGroupB. Estim-
atesof relativeprestigeareinferredfromorgan-
ization chartsandorganizationalbackground(Ben-
nigson,1972).

In summary,knowledgeof groups'interdepend-
encies,degreesof uncertainty,andrelative pres-
tige suggeststhewaysin whichtheywill needto
interact. Thetrendmethodallowsplannersto map
andto drawattentionto coordinatingneeds,much
as theuseof CPMdrawsattentionto critical re-
sourceneeds. Trendmappingcanrevealauthority
or uncertaintyconflict, individualgroupsin key
positions,andrelationshipslying alongcritical
paths. It is a network-baseddisplayof coordina-
tion needs.Toseetheoverallpicture,a network
planmustbeavailablewhichinvolvescollections
of dataaboutprecedencerequirements,resource
requirementsand responsibility. Networksshow
relationshipsbetweenactivities; trendmapping
thenextractstherelationshipsamongresponsibil-
ity centers(Bennigson,1972). A trendmapthus
mayincorporatedegreesof uncertainty,interact-
ion in sequentialor reciprocalrelationships,de-
pendencyrelationships, the numberof critical
path activities in the segment,andinteractions
onthecritical path.
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APPENDIX 6A

SAMPLE RUN, DECISION RULES, AND PROGRAM LISTING

FOR THE SSTAAMMER EXPERT SYSTEM

Contributed by

R.S. Wallace

6A.1 Sample Run

What is the task under consideration?

> monitoring-oxygen-level

You may answer the following questions with

either "yes" or "no" (y or n), with a certainty

factor ranging from 0 (least certain) to 10 (most

certain), or with "dk" (don't know) or "dc" (don't

care). Enter "how" or "why" for an explanation.

For help, type HELP.

DOES MONITORING-OXYGEN-LEVEL REQUIRE PERCEPTUAL

ABILITIES OUTSIDE THE RANGE OF HUMAN LIMITS ?

> dk

DOES MONITORING-OXYGEN-LEVEL REQUIRE PERCEPTION OF

MORE THAN 537. DIFFERENT INTENSITIES ?

> no

DOES MONITORING-OXYGEN-LEVEL REQUIRE TACTILE

PERCEPTION OUTSIDE HUMAN LIMITS ?

> yes

DOES MONITORING-OXYGEN-LEVEL REQUIRE COMPUTING

ABILITY ?

>5

DOES MONITORING-OXYGEN-LEVEL INVOLVE STORING AND

RECALLING LARGE AMOUNTS OF PRECISE DATA FOR SHORT

PERIODS OF TIME ?

> why

The fact MONITORING-OXYGEN-LEVEL INVOLVES STORING

AND RECALLING LARGE AMOUNTS OF PRECISE DATA FOR

SHORT PERIODS OF TIME may be used to establish WE

SHOULD AUTOMATE MONITORING-OXYGEN-LEVEL. DOES

MONITORING-OXYGEN-LEVEL INVOLVE STORING AND

RECALLING LARGE AMOUNTS OF PRECISE DATA FOR SHORT

PERIODS OF TIME ?

>6

DOES MONITORING-OXYGEN-LEVEL INVOLVE ROUTINE

REPETITIVE PHECISE TASKS ?

> yes

The hypothesis WE SHOULD AUTOMATE MONITORING-

OXYGEN-LEVEL is confirmed with certainty 0.94176

Options are next, done, how, why, help

> how

THERE WAS VERY STRONG EVIDENCE THAT WE SHOULD

AUTOMATE MONITORING-OXYGEN-LEVEL THIS FOLLOWED

FROM 4. THINGS:

THERE WAS VERY STRONG EVIDENCE THAT

MONITORING-OXYGEN-LEVEL INVOLVES ROUTINE

REPETITIVE PRECISE TASKS

THERE WAS STRONG EVIDENCE THAT MONITORING-

OXYGEN-LEVEL INVOLVES STORING AND RECALLING LARGE

AMOUNTS OF PRECISE DATA FOR SHORT PERIODS OF TIME

THERE WAS WEAK EVIDENCE THAT MONITORING-

OXYGEN-LEVEL REQUIRES COMPUTING ABILITY

THERE WAS STRONG EVIDENCE THAT MONITORING-

OXYGEN-LEVEL REQUIRES PERCEPTUAL ABILITIES OUTSIDE

THE RANGE OF HUMAN LIMITS. THIS FOLLOWED FROM 1.

THINGS: THERE WAS VERY STRONG EVIDENCE THAT

MONITORING-OXYGEN-LEVEL REQUIRES TACTILE

PERCEPTION OUTSIDE HUMAN LIMITS

THERE WAS NO EVIDENCE THAT HU_L%NS SHOULD DO

MONITORING-OXYGEN-LEVEL

Options are next, done, how, why, help

> done

6A.2 Expert Syst-- De_/slon Rules

The following are the rules that the expert

system SSTAAMMER uses. While examining them, bear

in mind that they represent a first pass. A comp-

lete system would require considerably more devel-

opment time than was available.

RULE I:

IF THE-TASK REQUIRES PERCEPTUAL ABILITIES OUTSIDE

THE RANGE OF HUMAN LIMITS THEN THERE IS STRONG

EVIDENCE THAT WE SHOULD AUTOMATE THE-TASK
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RULE2:
IF THE-TASKINVOLVESSAFETYORHEALTHRISKS
OUTSIDETOLERABLELIMITSFORHUMANSTHENTHEREIS
STRONGEVIDENCETHATWESHOULDAUTOMATETHE-TASK

RULE3:
IF THE-TASKREQUIRESCOMPUTINGABILITYTHENTHERE
IS STRONGEVIDENCETHATWESHOULDAUTOMATE
THE-TASK

RULE4:
IF IT IS TECHNICALLYFEASIBLETOAUTOMATETHE-TASK
THENTHEREIS WEAKEVIDENCETHATWESHOULD
AUI_)MATETHE-TASK

RULE5:
IF IT IS ECONOMICALLY FEASIBLE TO AUTOMATE

THE-TASK THEN THERE IS WEAK EVIDENCE THAT WE

SHOULD AUTOMATE THE-TASK

RULE 6 :

IF THE-TASK INVOLVES STORING AND RECALLING LARGE

AMOUNTS OF PRECISE DATA FOR SHORT PERIODS OF TIME

THEN THERE IS WEAK EVIDENCE THAT WE SHOULD

AU'IOMA TE THE-TASK

RULE 7 :

IF THE-TASK INVOLVES ROUTINE REPETITIVE PRECISE

TASKS THEN THERE IS WEAK EVIDENCE THAT WE SHOULD

AUTOMATE THE-TASK

RULE 8 :

IF THE-TASK REQUIRES REGULARLY AN ATTENTION SPAN

OF MORE THAN 20. MINS THEN THERE IS WEAK EVIDENCE

THAT WE SHOULD AUTOMATE THE-TASK

RULE 9 :

IF THE-TASK ENTAILS DETECTION OF INFREQUENT OR

RARE EVENTS THEN THERE IS WEAK EVIDENCE THAT WE

SHOULD AUTOMATE THE-TASK

RULE I0:

IF HUMANS DON'T LIKE TO DO THE-TASK THEN THERE IS

WEAK EVIDENCE THAT WE SHOULD AUTOMATE THE-TASK

RULE 11 :

IF THE-TASK REQUIRES MONITORING MEN OR MACHINES

THEN THERE IS WEAK EVIDENCE THAT WE SHOULD

AUTOMATE THE-TASK

RULE 12:

IF THE-TASK REQUIRES HANDLING OF HIGHLY COMPLEX

OPERATIONS SUCH AS DOING MANY THINGS AT ONCE THEN

THERE IS WEAK EVIDENCE THAT WE SHOULD AUTOMATE

THE-TASK

RULE 13 :

IF THE-TASK REQUIRES EVA THEN THERE IS VERY WEAK

EVIDENCE THAT WE SHOULD AUTOMATE THE-TASK

RULE 14 :

IF THE-TASK REQUIRES QUICK RESPONSE TO SIGNALS

THEN THERE IS VERY WEAK EVIDENCE THAT WE SHOULD

AUTOMATE THE-TASK

RULE 15:

IF THE-TASK REQUIRES DEDUCTIVE REASONING ABILITY

THEN THERE IS VERY WEAK EVIDENCE THAT WE SHOULD

AUTOMATE THE-TASK

RULE 16 :

IF THE-TASK REQUIRES EXERTING LARGE AMOUNTS OF

FORCE SMOOTHLY THEN THERE IS VERY WEAK EVIDENCE

THAT WE SHOULD AUTOMATE THE-TASK

RULE 17 :

IF HUMANS LIKE TO DO THE-TASK THEN THERE IS STRONG

EVIDENCE THAT HU_L_NS SHOULD DO THE-TASK

RULE 18:

IF THE-TASK REQUIRES THE ABILITY TO ARRIVE AT NEW

AND COMPLETELY DIFFERENT SOLUTIONS TO PROBLEMS

THEN THERE IS STRONG EVIDENCE THAT HUMANS SHOULD

DO THE-TASK

RULE 19 :

IF THE-TASK REQUIRES ABILITY TO DETECT SIGNALS IN

HIGH NOISE ENVIRONMENTS THEN THERE IS STRONG

EVIDENCE THAT HUMANS SHOULD DO THE-TASK

RULE 20 :

IF THE-TASK REQUIRES THE ABILITY TO PROFIT FROM

EXPERIENCE THEN THERE IS WEAK EVIDENCE THAT HUMANS

SHOULD DO THE-TASK

RULE 21 :

IF THE-TASK ENTAILS THE ABILITY TO REASON

INDUCTIVELY THEN THERE IS WEAK EVIDENCE THAT

HUMANS SHOULD DO THE-TASK

RULE 22 :

IF THE-TASK REQUIRES ABILITY TO PERCEIVE PATTERNS

AND THE-TASK REQUIRES ABILITY TO GENERALIZE ABOUT

PATTERNS

THEN THERE IS WEAK EVIDENCE THAT HUMANS SHOULD DO

THE-TASK

RULE 23 :

IF THE-TASK REQUIRES ABILITY TO STORE LARGE

AMOUNTS OF INFORMATION FOR LONG PERIODS AND

THE-TASK REQUIRES ABILITY TO R_EMEER RELEVANT

FACTS AT THE APPROPRIATE TIME

THEN THERE IS WEAK EVIDENCE THAT HUMANS SHOULD DO

THE-TASK

RULE 24:

IF OPERATIONS IN THE-TASK CANNOT BE REDUCED TO A

SERIES OF PRESET PROCEDURES THEN THERE IS WEAK

EVIDENCE THAT HUMANS SHOULD DO THE-TASK

RULE 25:

IF THE-TASK ENTAILS MANY UNEXPECTED OR

UNPREDICTABLE EVENTS THEN THERE IS WEAK EVIDENCE

THAT HUMANS SHOULD DO THE-TASK

RULE 26 :

IF THE-TASK REQUIRES ABILITY TO IMPROVISE AND

ADOPT FLEXIBLE PROCEDURES THEN THERE IS WEAK

EVIDENCE THAT HUMANS SHOULD DO THE-TASK

RULE 27 :

IF THE-TASK REQUIRES SENSITIVITY TO A WIDE VARIETY

OF STIMULI THEN THERE IS WEAK EVIDENCE THAT HUMANS

SHOULD DO THE-TASK

RULE 28:

IF THE-TASK REQUIRES ABILITY TO USE JUDGMENT THEN

THERE IS WEAK EVIDENCE THAT HUMANS SHOULD DO

THE-TASK

RULE 29 :

IF THE-TASK ENTAILS THE ABILITY TO PERFORM FINE

MANIPULATIONS THEN THERE IS VERY WEAK EVIDENCE

THAT HUMANS SHOULD DO THE-TASK

RULE 30:

IF THE-TASK ENTAILS THE ABILITY TO PERFORM WHEN

OVERLOADED THEN THERE IS VERY WEAK EVIDENCE THAT

HUMANS SHOULD DO THE-TASK
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RULE 31:

IF THE-TASK INVOuVES THE ABILITY TO TRACK IN A

WIDE VARIETY OF SITUATIONS THEN THERE IS VERY WEAK

EVIDENCE THAT HUMANS SHOULD DO THE-TASK

RULE 32:

IF THE-TASK REQUIRES ABILITY TO DETECT CERTAIN

FORMS OF ENERGY THEN THERE IS VERY WEAK EVIDENCE

THAT HUMANS SHOULD DO THE-TASK

RULE 33:

IF THE-TASK REQUI_ES DELIVERY OF FORCE GREATER

THAN 3000. NT THEN THERE IS VERY STRONG EVIDENCE

THAT THE-TASK REQUIRES EXERTING LARGE AMOUNTS OF

FORCE SMOOTHLY

RULE 34:

IF AUTOMATION OF THE-TASK WILL BE MORE

COST-EFFECTIVE THAN USING A HUMAN TO PERFORM THAT

TASK AND ALL THE NECESSARY COSTS OF DEVELOPMENT

DESIGN TESTING INSTALLATION AND AUTOMATION CAN BE

COVERED BY KNOWN FINANCIAL RESOURCES THEN THERE IS

STRONG EVIDENCE THAT IT IS ECONOMICALLY FEASIBLE

TO AUTOMATE THE-TASK

RULE 35:

IF THE NECESSARY HARDWARE AND SOF_ARE COMPONENTS

FOR THE-TASK ARE AVAILABLE OFF-THE-SHELF

AND THE FINAL DEVELOPMENT OF AN AUTOMATED SYSTEM

FOR THE-TASK CAN BE DONE WITHIN THE SCHEDULED

LIFE-CYCLE DEVELOPMENT FOR THE SYSTEM OR THAT

LIMIT CAN BE REVISED

AND SYSTEMS EVENTS FOR THE-TASK CAN BE PREDICTED

AND HANDLED BY AUTOMATION

AND THE EXPECTED RELIABILITY OF THE PROPOSED

SYSTEM FOR THE-TASK MEETS SYSTEM PERFORMANCE

REQUIHEMENTS

AND CONSEQUENCES OF EXPECTED SYSTEM FAILURES CAN

BE COMPENSATED FOR BY AUTOMATIC BACK-UP OH OTHER-

WISE PREVENTED FROM EXCEEDING ACCEPTABLE LIMITS

AND A_EQUATE SAFEGUARDS AGAINST DANGERS TO HEALTH

FROM THE-TASK CAN BE FULLY AUTOMATED

THEN THERE IS STRONG EVIDENCE THAT IT IS

TECHNICALLY FEASIBLE TO AUTOMATE THE-TASK

RULE 36:

IF THE-TASK IS NECESSARILY DONE IN SPACE AND

HUMANS SHOULD DO THE-TASK THEN THERE IS VERY

STRONG EVIDENCE THAT HUMANS IN SPACE SHOULD DO

THE-TASK

RULE 37:

IF HUMANS SHOULD DO THE-TASK AND THE-TASK REQUIRES

MORE THAN 8. PERSONS THEN THERE IS VERY STRONG

EVIDENCE THAT HUMANS ON THE GROUND SHOULD DO

THE-TASK

RULE 38:

IF THE-TASK REQUIRES PERCEPTION OF MORE THAN 537.

DIFFERENT INTENSITIES THEN THERE IS VERY STRONG

EVIDENCE THAT THE-TASK REQUIRES PERCEPTUAL

ABILITIES OUTSIDE THE RANGE OF HUMAN LIMITS

RULE 39:

IF THE-TASK REQUIRES TACTILE PERCEPTION OUTSIDE

HUMAN LIMITS THEN THERE IS STRONG EVIDENCE THAT

THE-TASK REQUIRES PERCEPTUAL ABILITIES OUTSIDE THE

RANGE OF HUMAN LIMITS

RULE 40:

IF THE-TASK REQUIRES DETECTION FOR FORCE MORE

FINELY THAN I. NT THEN THERE IS STRONG EVIDENCE

THAT THE-TASK REQUIRES TACTILE PERCEPTION OUTSIDE

HUMAN LIMITS

RULE 41:

IF THE-TASK REQUIRES TEXTURE DISCRIMINATION FINER

THAN I. CM THEN THERE IS STRONG EVIDENCE THAT

THE-TASK REQUIRES TACTILE PERCEPTION OUTSIDE HUMAN

LIMITS
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6A.3 Lisp Program Code for SSTA_O4ER Expert Syat_

(setq yes (setq y 10.0))

(setq n (setq no (setq dc 0)))

(setq maybe (setq may (setq ma (setq m 5))))

(setq probably (setq prob (setq pr (setq p 7))))

(setq likely (setq like (setq li (setq 1 probably))))

(setq nl 3)

(setq *hypotheses '(
(we should automate w) (humans should do *)))

;(msg t "*hypotheses " t)

(derun start-expert-system ()

(prog ()

(msgt t t " An Expert System to Aid in Making Decisions " t

" about Automating Tasks on the Space Station " t t t)

(setq flrst-round-flag nil)

(expert-system)))

(derun expert-system ()

(prog (response)

iter

(eond (first-round-flag

(msg t t w Options are next, done, how, why, help" t)

(prompt)

(setq response (read))

(cond ((not (member response '(n next d done e how why help)))

(msgt response " invalid response" t)

(go iter))
((member response '(? help ))

(msgt " Possible responses are:"
t " next -- to evaluate another task"

t " done -- to exit"

t " how, why -- to see an explanation of results"

t " help -- to see this message" t)

(go iter))

((member response '(q x ex none stop quit halt d exit done))

(return 'done))

((member response '(how why explain))

(mapcar 'explain hypothesesnodes) (go iter))

(t t))))

(setq first-round-flag t)

(msg t t *********************************************** t t)

helploop

(msg t " What is the task under consideration?"

t " Please enter the name of a task as a single string "

t " e.g. say wash-windows rather than wash windows " t)

(prompt)

(setq task (read))

(cond ((member task '(help ? what))

(msgt " Please enter the name of a task as a single string "

t " e.g. say wash-windows rather than wash windows " t)

(go helploop)))

(cond ((member task '(q x ex none stop quit halt d exit done))

(return 'done)))

(msgt t " You may answer the following questions with " t

" either a yes or a no (or y or n) or a certainty " t

" factor ranging between 0 (for least certain) to " t

" 10 (for most certain) or a maybe or a probably" t

" or a dk (for don't know)" t

" or a dc (for don't care)." t

" Enter a how or a why to see an explanation." t

" To get help type HELP." t)

(diagnose)

(remember)

(go iter)))

; should task be automated?

; (and what is locale of control?)

;save results in <N.ANDERSON>EXPERT.RESULTS
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(defunprompt()
(msgt t t t t" > "))

(defunnewsym(s)
(readlist (append(explodes)

(explode(putprops
(I+ (cond((gets 'count))

(t 0)))
'count)))))

;(msgt "newsym"t)

(defun

;ILISP OLDSYM (but quote s)

oldsym (s)

(readllst (append (explode s)

(explode (cond ((get s 'count)) (t I))))))

;(msgt "oldsym" t)

(defun fassoc (key a-list)

(cond ((assoc key (cdr a-list)))

(t (cadr (rplacd (last a-list)

(llst (list key)))))))

;(msg t "fassoc" t)

(defun fremove (frame slot facet value)

(prog (slots facets values target)

(setq slots (fgetframe frame))

(setq facets (assoc slot (cdr slots)))

(setq values (assoc facet (cdr facets)))

(setq target (assoc value (cdr values)))

(delete target values)

(cond ((null (cdr values))

(delete values facets)))

(cond ((null (cdr facets))

(delete facets slots)))

(return (not (null target)))))

(defun fput (frame slot facet value)

(cond ((member value (fget frame slot facet)) nil)

(t (fassoc value

(fassoc

(fassoc slot

(fgetframe frame))))

value)))

;(msg t "fput" t)

(defun fget (frame slot facet)

(reverse (mapcar 'car

(cdr (assoc facet

(cdr (assoc slot

(cdr (get frame 'frame)))))))))

;(msg t "fget" t)

(defun fgetframe (frame)

(cond ((get frame 'frame))

(t (putprop frame (list frame) 'frame))))

;(msgt "fgetframe" t)

(defun maketree ()

(prog ()

(setq topnodes (mapcar '(lambda (a) (makesubtree a)) *rules))

(setq hypothesesnodes

(delete nll (mapear

'(lambda (a)

(eond ((member

(car (fget a 'fact 'value))

*hypotheses)

a)
(t nil)))

topnodes)))

(mapcar '(lambda (a)

(eond ((not (member a hypothesesnodes))

facet
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(mapcar'(lambda(b)
(search-and-splicea b))

hypotheses.odes)))1
top.odes)

(mapcar'(lambda(a) (msgn w)
(fput a 'count'value0)1hypothesesnodes)

;initialize countsonall hypothesesframesto zero
(linkup-competing-hypotheseshypothesesnodes)))

;(msgt "maketree"t)

(defunsearch-and-splice(frameAframeB)
(cond((equal(fget frameA'fact 'value)

(fget frameB'fact 'value))
(fput frameA'use 'used-by(car(fget frameB'use'used-by)l)
(putpropframeB(get frameA'frame)'frame)
(fput frameB'ask 'ask? t))

((null (fget frameB 'use 'uses)) nil)

(t (mapcar '(lambda (a) (search-and-splice frameA a))

(preconditions frameB )))))

;(msg t Usearch-and-splice- t)

(defun flatten (x)

(cond ((null x) nil)

((atom (car x)) (cons (car xl (flatten (cdr x))))

(t (append (flatten (car xl) (flatten (cdr x))))))

;(msg t "flatten" t)

(defun preconditions (frame)

(delete nil (mapear '(lambda (a) (cond ((numberp a) nil) (t a)))

(flatten (fget frame 'use 'uses)))))

;(msg t "preconditions " t)

(defun linkup-competing-hypotheses (hypothesesnodes)

(prog (hyps)

(setq hyps (append (last hypotheses.odes) hypotheses.odes))

iter

(msg ".")

(cond ((equal (length hyps) 11 (return t)))

(fput (car hyps) 'competes-with 'value (cadr hyps))

(setq hyps (edr hyps))

(go iter)))

;(msg t "linkup-competing-hypotheses" t)

(defun makesubtree (rule)

(prog (framename)

(setq framename (newsym 'frame))

(fput framename 'fact 'value (car rule))

(fput framename 'certainty 'value 0)

(mapcar '(lambda (a) (msg ".")

(cond ((equal (cadr a) 'and)

(fput framename 'use 'uses

(append (mapcar '(lambda (b)

(make-precondition-frame

framename b (newsym 'frame))

(oldsym 'frame))

(cddr a))

(list (car a)))))

(t

(fput framename 'use

'uses (list (newsym 'frame) (car a)))

(make-precondition-frame framename

(cdr a) (oldsym 'frame)))))

(cdadr rule))

(return framename)))

;(msg t "makesubtree" tl

(defun make-precondition-frame (parent-framename precondition precond-name)

(prog ()
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(fput precond-name 'fact 'value precondition)

(fput precond-name 'certainty 'value 0)

(fput precond-name 'ask 'ask? t)

(fput precond-name 'use 'used-by parent-framename)))

;(msg t "make-precondition-frame" t)

(setq *rules '(

((we should automate *)

(or

(7.0 * requires perceptual abilities outside

the range of human limits)

(6.0 * involves safety or health risks outside tolerable

limits for humans)

(6.0 * requires computing ability)

(5.0 it is technically feasible to automate *)

(5.0 it is economically feasible to automate *)

(3.0 * involves storing and recalling large

amounts of precise data for short periods of time)

(3.0 * involves routine repetitive precise tasks)

(3.0 * requires regularly an attention span of more than 20 mlns)

(3.0 * entails detection of infrequent or rare events)

(3.0 humans don't like to do *)

(2.0 * requires monitoring men or machines)

(2.0 * requires handling of highly complex operations

such as doing many things at once)

(1.0 * requires EVA)

(1.0 * requires quick response to signals)

(1.0 * requires deductive reasoning ability)

(1.0 * requires exerting large amounts of force smoothly)))

(humans should do *)

(or (8.0 humans llke to do *)

(7.0 * requires the ability to arrive at new and completely

different solutions to problems)

(6.0 * requires ability to detect signals in high noise environments)

(5.0 * requires the ability to profit from experience)

(5.0 * entails the ability to reason inductively)

(5.0 and (* requires ability to perceive patterns)

(* requires ability to generalize about patterns))

(5.0 and (* requires ability to store large amounts

of information for long periods)

(* requires ability to remember relevant facts

at the appropriate time))

(4.0 operations in * cannot be reduced to a series

of preset procedures)

(4.0 * entails many unexpected or unpredictable events)

(4.0 * requires ability to improvise and adopt flexible procedures)

(3.0 * requires sensitivity to a wide variety of stimuli)

(3.0 * requires ability to use judgment)

(1.0 * entails the ability to perform fine manipulations)

(1.0 * entails the ability to perform when overloaded)

(1.0 * involves the ability to track in a wide variety of

situations)

(1.0 * requires ability to detect certain forms of energy)))

(* requires exerting large amounts of force smoothly)

(or (9.0 * requires delivery of force greater than 3000 nt)))

(it is economically feasible to automate *)

(or (8.0 and (automation of * will be more cost-effective

than using a human to perform that task)

(all the necessary costs of development design

testing installation and automation can

be covered by known financial resources))))

((it is tecbnioaily feasible to automate *)

(or (8.0 and (the necessary hardware and software components

for * are available off-the-shelf)

(the final development of an automated system for *

can be done within the scheduled life-cycle

development for the system or that limit

can be revised)

(systems events for * can be predicted and handled

by automation)

(the expected reliability of the proposed system for *

meets system performance requirements)

(consequences of expected system failures can be
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compensated for by automatic back-up or

otherwise prevented from exceeding

acceptable limits)

(adequate safeguards against dangers to health from •

can be fully automated)))}

((humans in space should do *)

(or (9.0 and (m is necessarily done in space)

(humans should do •))))

((humans on the ground should do *)

(or (9.0 and (humans should do •)

(• requires more than 8 persons))))

((• requires perceptual abilities outside the range of human limits)

(or (9.0 • requires visual perception outside human limits)

(8.0 • requires tactile perception outside human limits)

(8.0 • requires aural perception outside human limits)))

((m requires tactile perception outside human limits)

(or (8.0 • requires detection for force more finely than I nt)

(8.0 * requires texture discrimination finer than I cm)

(8.0 • requires detection of vibration finer than IOK Hz)))

((* requires requires visual perception outside human limits)

(or (8.0 • requires perception of intensity outside the

range 3e-I0 to 0.3 cd per m**2)

(8.0 • requieres perception of light wavelengths outside

the range 300 nm to 1500 nm)))

((* requires aural perception outside human limits)

(or (8.0 • requires perception of sonic intensity outside

the range IOE-16 to IOE-2 J per cm•*2)

(8.0 * requires perception of sonic frequency outside the

range 20 to 20000 HZ)))))

;(msg t "*rules n t)

(defun diagnose ()

(prog ()

(msg t " Wait...")

(maketree)

(inltialize-path-polnters hypothesesnodes)

(setq current-hypothesis (car hypothesesnodes))

(msg t t)
iter

(cond ((null (delete nil (mapcar '(lambda (a) (car

(fget a 'use 'use-next)))

hypothesesnodes)))

; if there are no more paths to check

(msg t)

(prettyprintsentence

'(No hypothesis can be confirmed with certainty))

(msg t)

(status-of-hypotheses)

(return nil))

((greaterp (car (fget current-hypothesis 'certainty 'value)) 0.9)

(msg t " The hypothesis" t)

(prettyprintsentence

(subst task '• (car (fget current-hypothesis

'fact 'value))))

(msg t " is confirmed with certainty" t)

(prettyprintsentence

(list (car (fget current-hypothesls 'certainty 'value))))

(msg t)

(return t))

((or (and (greaterp (car (fget current-hypothesis 'count 'value)) 3)

(lessp (car (fget current-hypothesls

'certainty 'value)) 0.8))

(null (car (fget current-hypothesis 'use 'use-next))))

; if either the count is too large

; or the branches are exhausted

(mapcar '(lambda (a) (fremove current-hypothesis 'count 'value a))

(fget current-hypothesis 'count 'value))

(fput current-hypothesis 'count 'value O)

; reset the count to zero

(setq current-hypothesis (car (fget current-hypothesis

'competes-with

'value)))

; and go check the next hypothesis

116



;(msg t "

(go iter)))

(fput current-hypothesis 'certainty 'value

(plus (car (fget current-hypothesls 'certainty 'value))

(times (difference 1.0

(car (fget current-hypothesis

'certainty 'value)))

(ask-next-questlon-about

(car (fget current-hypothesis 'use 'use-next))))))

certainty of " current-hypothesis " is "

(fget current-hypothesls 'certainty 'value) t)

(fput current-hypothesis 'count 'value

(addl (car (fget current-hypothesis 'count 'value))))

(fput current-hypothesis 'use 'use-next

(cadr (member (car (fget current-hypothesis 'use 'use-next))

(reverse (fget current-hypothesis 'use 'uses)))))

(go iter)))

(defun initialize-path-pointers (nodelist)

(mapcar 'recursice-lnitialize-path-polnters nodelist))

(defun recursice-initialize-path-polnters (node)

(eond ((null (preconditions node)) (msg ".") nil)

(t (msg ".")

(fput node 'use 'use-next (car (reverse (fget node 'use 'uses))))

(initiallze-path-pointers (preconditions node)))))

;(msg t "inltlallze-path-polnters" t)

(defun ask-next-question-about (facts-and-attenuatlon)

(eond ((null facts-and-attenuation) 0)

((equal (length facts-and-attenuatlon) 2) ; single or branch

(times (quotient (cadr facts-and-attenuation) 10)

(ask-about (car facts-and-attenuation))))

(t (times (quotient (car (last facts-and-attenuation)) 10)

(oval (cons 'min (mapcar 'ask-about

(reverse

(cdr (reverse

facts-and-attenuation))))))))))

;(msg t "ask-next-question-about" t)

(defun ask-about (fact)

(prog (answer)

errorloop

(cond ((and (fget fact 'ask 'ask?)

(pretty-ask (subst task ,m (car (fget fact 'fact 'value))))

(prompt)

(not (equal (setq answer (read)) 'dk))

(cond ((member answer '(done stop halt exit quit q x))

(status-of-hypotheses)

(expert-system) (break nil))

((member answer '(help what ?))

(msg t " Options are: "

t " done -- quit here "

t " help -- this message "

t " why, how --explain why this question is asked"

t "

t "

t "

t "

t "

t "

t "

t "

t "

t "

yes -- definitely"

maybe -- maybe"

probably, likely -- likely"

nl -- not likely"

no -- definitely not"

dk -- dont know"

dc -- dont care"

a number between 0 and 10 --certainty value"

where 10 is most certain (same as yes)"

and 0 is least certain (same as no)" t)

(go errorloop))

((member answer '(why how))

(msg t " The fact " t)

(prettyprintsentence

(subst task ,i (car (fget fact 'fact 'value))))

(msg t " may be used to establish " t)

(prettyprintsentence
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(subst task r# (car

(fget (car (fget fact 'use 'used-by))

'fact

'value))))

(msg t)
(go errorloop))

((not (or (and (numberp answer)

(lessp answer 10.001)

(greaterp answer -0.0001))

(member answer '(yes no y n dc

maybe may ma m probably

prob pr p likely like li

1 nl)_))
(msg t answer " invalid certainty factor." t)

(go errorloep))

((greaterp (eval answer) O)

(fput (car (fget fact 'use 'used-by))

'use 'used fact)

(fput fact 'certainty 'value (quotient

(eval answer) 10.0)) t)

(t t)))
(return (quotient (eval answer) 10.0)))

(t (setq answer O)

(mapcar '(lambda (a)

(setq answer

(plus answer

(times (difference I answer)

(ask-next-questlon-about a)))))

(reverse (fget fact 'use 'uses)))

(cond ((greaterp (eval answer) O)

(fput (car (fget fact 'use 'used-by))

'use 'used fact)

(fput fact 'certainty 'value answer)))

(return answer)))))

;(msg t "ask-about" t)

(deftm pretty-ask (fact)

(cond ((equal (cadr fact) 'is)

(msg t)

(prettyprintsentence

(append (cons 'is (cons (car fact) (cddr fact)))))

(msg "?" t))

((member (caCr fact) verbs)

(msg t)

(prettyprlntsentence

(append (cons 'does

(cons (car fact)

(cons (splice (cadr fact))

(cddr fact))))))

(msg =?" t))

(t (msg t " With what certanty can you assert:" t)

(prettyprlntsentence fact)

(msg "?" t))))

(defun splice (verb)

(implode (reverse (cdr (reverse (explode verb))))))

(setq verbs '(involves requires entails))

(defun prettyprintsentence (list)

(prog (counter listl max-length)

(setq counter O)

(setq listl list)

(setq max-length 50)

(princ" ")

loop

(cond ((null listl) (return t))

((greaterp counter max-length)

(setq counter O)

(terpri) (prlnc " ")))

(princ (car listl)) (princ" ")

(setq llstl (cdr listl))

(setq counter (plus counter (addl (length (explode (car listl))))))
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(go loop)))

(defun status-of-hypotheses ()

(mapcar '(lambda (a) (msg t " Hypothesis ")

(prettyprintsentence

(subst task '*

(car (fget a 'fact 'value))))

(msg " has certainty "

(car (fget a 'certainty 'value)) t))

hypothesesnodes) t)

(defun evldence-adjective (n)

(cond ((or (equal n O) (equal n 0.0)) '(no))

((lessp n 0.2) '(very weak))

((greaterp n 0.8) '(very strong))

((greaterp n 0.5) '(strong))

(t '(weak))))

(defun explain (fact)

(cond ((null (fget fact 'use 'used))

(msg t) (prettyprintsentence

(append '(there was)

(evidence-adjective (car (fget fact 'certainty

'value)))

'(evidence that)

(car (subst task '* (fget fact 'fact 'value)))))

(msg t))

(t (msg t)

(prettyprintsentence

(append '(there was)

(evidence-adjective (car (fget fact 'certainty

'value)))

'(evidence that)

(car (subst task '* (fget fact 'fact 'value)))))

(msg t)

(prettyprintsentence

(append '(this)

'(followed from)

(list (length (fget fact 'use 'used)))

'(things:)))

(msg t)

(mapcar 'explain (fget fact 'use 'used)))))

(defun rotate (list)

(cons (car (last list)) (delete (car (last list)) llst)))

(defun print-rule (rule)

(print-rule-sub-fn (car rule) (cadr rule)))

(defun print-rule-sub-fn (consequent antecedents)

(cond ((equal (car antecedents) 'or)

(mapcar '(lambda (a) (print-rule-sub-fn consequent a))

(cdr antecedents)))

((equal (cadr antecedents) 'and)

)))

(defun savecontents (markedfile)

(prog (i next final)

(setq i (open markedfile 'in))

(setq final nil)

Iter

(cond ((equal (setq next (read i)) 'eof)

(setq final (cons 'eof final))

(close i)

(return (reverse final))))

(setq final (cons next final))

(go iter)))

(defun append-to-file (list-of-items markedfile)

(prog (o oldcontents newcontents)

(setq oldcontents (savecontents markedfile))

(setq newcontents (append list-of-items oldcontents))

(setq o (open markedfile 'out))

iter
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(cond ((null newcontents) (close o) (return t)))

(print (car newcontents) o)

(setq newcontents (cdr newcontents))

(go iter)))

(defun remember ()

(append-to-file

(llst '*********** (cadr (uwrlte))

(mapcan '(lambda (e) (subst task '*

(list (car (fget a 'fact 'value))

(car (fget a 'certainty 'value)))))

hypothesesnodes))

"<N.ANDERSON>EXPERT.RESULTS"))

(defun print-rules ()

(mapcar 'prlnt-rule (subst 'the-task '* *rules)) t)

(defun print-rule (rule)

(prog (head tail count)

(setq head (car rule))

(setq tail (cdadr rule))

(setq count I)

iter

(eond ((null tail) (return t)))

(msg t "................................. " t (newsym 'Rule) ":" t t)

(setq count (addl count))

(cond ((equal (cedar tail) 'AND)

(prog (conjunct)

(setq conjunct (cddar tail))

(msg t "IF" t)

iter

(msg t)

(cond ((equal (length conjunct) I)

(prettyprintsentence (car conjunct))

(return t)))

(prettyprlntsentence (car conjunct))

(msg t t "AND" t)

(setq conjunct (cdr conjunct))

(go iter)))

(t (prettyprintsentence (cons 'IF (cdar tail)))))

(meg t t)

(prettyprlntsentence (append '(THEN THERE IS)

(evidence-adjective (quotient (caar tail)

lo.o))
'(EVIDENCE THAT) head))

(msg t)
(setq tail (cdr tail))

(go iter)))

(comment bps 23000.)

(alloc '(llst (0 rill 0.10) flxnum (0 nll 0.10)))

(setq ibase 10.)

(setq base 10.)

(defun msg nargs

(apply 'or

(mapcar '(lamhda (e)

(cond ((equal e t) (terpri))

(t (prlnc e))))

(listify (arg nil)))))

(defun tab (n) (implode (tab-sub-fun n)))

(defun tab-sub-fun (n)

(cond ((lessp n I) '(" "))

(t (cons " . (tab-sub-fun (subl n))))))

(defun nequal (a b) (not (equal a b)))

(msg t t (append '(hello there) (cdr (uwrite))) t t)
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APPENDIX 6B

AUTONOMY MEASURE FUNCTION AND SYMMETRY RELATIONS

Contributed by

J.A. Wise

The workshop briefly investigated the possi-

bility of developing a measure function for auton-

omy, modeled, at first, after the development of

utility theory which purports to measure preferen-

ces. The primitive binary relation "x controls y"

was used to construct a "weak order" to allow

ordinal measurement. Unfortunately, an autonomy

measure defined in this way has limited usefulness

because it is constrained within one type of cont-

rol loop only and thus must be "renormalized" each

time a different type of control relation is esta-

blished.

For example, consider control as a binary re-

lation on a set S of ordered pairs (x,y) with x

contained in S and y contained in S. Let xCy = "x

controls some behavioral property of y." Then xCy

is irreflexive because not-xCx for all x in S, and

xCy can be (I) asymmetric, because if xCy then

not-yCx for every x and y in S; (2) symmetric, be-

cause xCy implies yCx under some manifestations of

control; and (3) negatively transitive, because if

(not-xCy, not-yCz) then not-xCz for every x, y,

and z in S. If xCy is determined to be irreflex-

ire, asymmetric, and negatively transitive for a

set S, then the binary relation C imposes a "weak

order" on the set S. Now, suppose that "independ-

ence" is defined as the absence of a strict

control relation, C, just as indifference may be

described as an absence of preference in utility

theory. If I = independence and K = control rela-

tion, then xly implies (not-xKy, not-yKx). With

independence as the basis for an equivalence class

in S, and control as a weak order, then there is a

real-valued function A, on S, such that xKy

implies A(x)KA(y) for all x and y in S. This

function measures the autonomy of any element with

respect to any other.

Such weak order is the very minimum require-

ment for establishing a simple ordinal autonomy

measure (i.e., first, second, third), let alone

interval or ratio measurement. But even the cond-

itions for satisfying the requirements of weak or-

der are questionable in any use beyond the most

restricted sense of a control relation. Two ele-

ments may share a variety of different control re-

lationships, but the autonomy scale presented

above can only recognize one of them. For instan-

ce, suppose that a space station vernier rocket

must be ignited (by a preset program or by a human

operator). When ignited, the rocket itself is un-

der external control, but its firing may necessit-

ate a curtailment of EVA or laboratory activities

due to induced vibration or exhaust product space

pollution. In effect these other activities are

controlled by the source of control for the rocket

-- but such second-order control relations are not

part of the autonomy scale derivation because they

are not strict binary control relations as origin-

ally defined. Two sources may also show a reci-

procal control over a single controlled quantity,

as when both partners to a conversation mutually

maintain the appropriate speaking distance between

them. Similarly, grazing herd animals or flocking

birds mutually maintain an appropriate spacing

during feeding. Here, xCy implies yCx, which

makes control in this sense a "symmetric" relation

like "brotherhood". Under such relations, one

cannot contrive a scale that imputes more or less

of a derived measure to the entities involved.

These considerations suggest that it may not

be appropriate to measure autonomy in a system of

control relationships the way utility is measured

against a set of choice objects. In its different

manifestations, autonomy appears much more like a

symmetry than a utility measure. This is because

its usefulness as an organizing principle is best

appreciated in terms of bow autonomies are broken.

In contemporary particle physics, hierarchies of

broken symmetries are the basis of particle rela-

tions and interactions.

Symmetry is based on the primitive notion of

invariance, which describes how a property of an

entity is maintained under a transformation. For

example, a circle shows an infinite set of both

rotational and reflection symmetries through its

center. A circular saw blade shows only rotation-

al symmetry limited by the aliquot angles that

move the teeth of the blade into correspondence

with one another. A square is more symmetric than

a rectangle because its group table (the listing

of its symmetries) shows it to be invariant under

eight transformations whereas the rectangle is

only invarlant under four. (The square's extra

symmetries are two rotations about the center of

90 ° and 270 °, and two reflections about the diag-

onals.) However, symmetries do not add unidlmen-

sionally, and squares are not regarded as "twice

as symmetric" as rectangles.
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It may be more valuable to measure autonomy

the way symmetry is measured, in terms of automor-

pblsms that conserve a type of control relation

between two entities. Consider a measure of auto-

nomy based on the notion of control the way symme-

try is based on Invariance. This requires a desc-

ription of the types of autonomy that an entity

can express. If autonomy is "freedom from con-

trol", then perhaps the best way to express auton-

omies is inversely, in terms of controls and how

autonomies may be broken or constrained.

The following is a non-exhaustive list of

candidate types of autonomy, arranged in descend-

ing order from most important to least important

to conserve. Using symmetry as an analogy, the

Euclidean transformations (rotations, reflections,

translations) provide the complete set of motions

by wnich the symmetries of plane figures or solid

bodies may be compared. As yet there exists no

analogous classification of controls that could be

used to organize autonomies. Instead, the value

of these meanings of autonomy is heuristic as they

suggest some useful principles for the role of the

human element in space:

Inclusion/Exclusion Autonomies -- Given a be-

havioral repertoire, S, of an element x: Element

x can be said to be inclusively or exclusively

autonomous of element y if y cannot Insert/exclude

an action from the behavioral repertoire of x.

"Johnny, pick up your room" and "never draw to an

inside straight" are examples of instructions that

break this sort of autonomy. A shopping llst

(that is attendea to) is another example.

-- Given a behavioral rep-

ertoire S, of an element x: Element x is said to

be priority autonomous of element y if y cannot

affect the sequence of behavioral states exhibited

by x. Waiting in line, a Congressional filibust-

er, and the instruction "Brush your teeth before

you go to hea w are examples of situations that

constrain or break this kind of autonomy.

_z_[i_LA_i_-- Given a behavioral reper-

toire S, of an element x: Element x is said to be

boundedly autonomous of element y if y cannot

restrict the range of a controlled quantity in any

act within the behavioral repertoire of x. The

control or pH level of blood, the sign "low bridge

ahead", and the notice "above 1.5 is a passing

grade" are examples of situations that break this

type of autonomy.

Synchronous Autonomy -- Given behavioral Pep-

ertoires Sx, Sy, of elements x and y: These ele-
ments are said to be synchronously autonomous of

each other to the degree that their mutual contr-

ols on each other's behavioral repertoires are in

one-to-one correspondence. Thus, synchronous aut-

onomy is not a new "type" of autonomy, but rather

a special case where the reciprocal controls betw-

een two elements overlap. Examples include mutual

control of speaking distance, the avoidance of eye

contact in elevators, and the mutual maintenance

of personal space by seat selection.
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One or" the key concepts of evolution, whether

biological, cultural, social, or technological, is

natural selection -- the idea that systems vary

and are selected for superior survival and growth.

This also may involve notions of resourcefulness

and competition among organisms or systems. But

there is a crucial difference between technologic-

al (or cultural) and biological evolution. The

latter is essentially a slow, wasteful, seemingly

random process. Technical evolution, on the other

hand, is a rapid, efficient, nonrandom intellectu-

al activity -- a flexible, guided selection pro-

cess.

In the near-term evolution of space station

systems and autonomy, guided selection might take

many forms. Computer memory modules may be repla-

ced by faster or higher-capacity plug-compatible

units. Advanced machine or human-machine systems

may replace or augment some functions previously

performed either by humans alone or by humans and

machines together in earlier less-capable formats.

The station and other space activities will motiv-

ate the development of modular machine technology.

The telepresence-to-robotics transition should en-

gender many new kinds of autonomous systems beyond

space manufacturing robots analogous to those used

in terrestrial industry today.

Another important concept is the ecology or

environment in which evolution takes place. There

are rea±ly two ecologies of a space station: Fir-

st, the harsh physical environment of space which

affects human and machine performance as well as

transportation costs; second, and perhaps more

important, there is the human context on Earth.

Thls context provides goals, organizations, supp-

ort, politics -- the entire sociocultural arena

within which space systems vary, compete, and, ul-

timately, are selected or not.

The principle ot variation in evolution is

important too. Variation provides the raw materi-

als upon which selection operates. Future manned

and unmanned orbital activity will generate varia-

tion and permit selection of machines and proced-

ures both for LEO and for longer-term lunar and

interplanetary ventures. The space station itself

is a variational mechanism for technological and

organizational evolution. For instance, once the

station is in place, ground-based entities may

find that they are Just one player, powerful but

far from omnipotent. (NASA should study game-the-

oretic concepts as applied to competition among

multiple players for limited resources, leading

directly to the concept of niche or evolutionary

equilibrium strategy.)

As greater effectiveness is sought in space

systems, evolution of station automation could re-

sult in a near-autonomous unit. One can imagine a

progressive development including a LEO "branch

station" for close contact and servicing of expan-

ding orbital activities, becoming, later, the hub

of a space city. An interesting ecological relat-

ionship could emerge between LEO and lunar activi-

ties -- the lunar ecology, sufficiently developed

for materials, might serve roughly the analogous

function for the station as the farm serves for

the city on Earth. A near-space waystation or de-

parture facility for manned translunar forays is

yet another possibility for far-future stations.

It is now almost 500 years since Columbus

sailed into the unknown aboard several very frag-

ile ships, seeking something he didn't quite get,

and helped launch the greatest expansion of techn-

ological and social evolution in human history.

In 1992, on the eve of the 500tb anniversary of

the first significant exploratory and colonization

mission into this hemisphere, the American perman-

ent space station may become a reality. But the

end of this bold new adventure for mankind is no-

where in sight. Let us recall that North America,

a pristine continent discovered during the pio-

neering voyages and settlements of Columbus half a

millennium ago, today is the home of the greatest

technological, economic, and military power on

Earth. The prospects for space settlement and in-

dustrialization in the decades and centuries ahead

are no less exciting.
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7.1 Ilear-Terw Station Evolution

The first-generation space station will offer

a balanced set of capabilities to satisfy the many

competing interests and users from whom project

support derives. Near-teEm station evolution bey-

ond the initial design may take many different di-

rections, but likely will include increasing mod-

ule specialization, greater on-orbit operational

and machine system autonomy, increased capability

for growth and self-maintenance, and a broader di-

versification of user communities served by the

multl-element space facility.

The fictional scenario in Appendix 7A depicts

a day in the life of a space station crewmember

who, in concert with fellow astronauts, teleopera-

tops, and advanced seml-autonomous devices, must

rendezvous with and repair a stricken commercial

satellite. Numerous design concepts and desirable

station features (Appendix 7B) became apparent to

workshop participants as they constructed this and

other scenarios of daily station llfe.

7.1.1 Near-Term Capabilities of the Space Station

The space station's capabilities derive from

NASA's goals as an organization, the functions

which the station must perform, and the needs of

users. Estimated to cost $7.5-9.0 billion, the

base station (at 28.5 °) will function as a habitat

for crew and users; as a science, applications,

and technology laboratory; as a permanent observ-

atory and manufacturing facility; as a free-flyer

servicing facility and a communlcations/data-proc-

essing node; as a transportation node; and as an

assembly and storage facility (Pivirotto, 1983).

To support these many functions, the space

station offers a number of specific capabilities.

Fundamental to its design are the station's power

and thermal properties. The station will have ac-

cess to 60 kw of power in the main buses (Pivirot-

to, 1983; Tilton, 1983). System loads, battery

potentials, and solar array electrical generation

must be balanced simultaneously, so the power pro-

duction and distribution system will be automatic-

ally controlled, perhaps by expert systems (Martin

Marietta, 1983). The station's thermal control

design is influenced by the facility's multi-year

life expectancy, the large quantities of waste

heat requiring dissipation, and the great variety

of payloads and missions which the station must

service. The linked modules need a highly versat-

ile thermal "utility" or bus system, analogous to

a municipal public utility, and will utilize waste

heat, minimize electrical heaters, and require

minimum crew attention through automated control

(Ellis and Rankin, 1983).

The 6-8 person crew will dwell in the space

station's core habitat and activity area. Past

space vehicles and modules were designed along ut-

ilitarian lines to ensure human survival and succ-

essful accomplishment of relatively brief miss-

ions. By contrast, the space station of the early

1990s must provide a more pleasant habitat in

which people thrive psychologically, socially and

physically.

To enhance work productivity as well as hab-

itability, the space station core system requires

sophisticated environmental control and life supp-

ort -- such as atmospheric revitalization and cab-

in thermal control, metabolic water and waste man-

agement, and cabin support for EVA. Fundamental

habitability will include separate onboard facili-

ties for work, food preparation, eating, personal

privacy, and sleeping. Noise, excessive light,

and physical interference which might decrease

comfort must be avoided. Food storage and prepar-

ation areas will allow astronauts to cook their

own meals. Rather than the reconstituted food of

earlier days, the space station will offer a diet

similar to that enjoyed on Earth. A large gymnas-

ium for daily exercise will be serviced by an enh-

anced version of the environmental control system,

thus ensuring that body heat and odors generated

by physical exertion are properly controlled so

astronauts can exercise in relative comfort.

The habitation module should contain a health

maintenance clinic and a small operating theater

for trauma treatment. This area can maintain a

sterile working environment as needed to ensure

quality medical and surgical care. The space sta-

tion will also have intra-station, extra-station,

and station-to-ground communications. The latter

provides a phone-home capability for astronauts.

Ease of access and frequent contact with family

and friends on Earth will help to more closely si-

mulate the normal ground-based working environ-

ment.

Onboard station functions will be more auton-

omous than in any previous manned spacecraft. Ex-

tensive operational data formerly managed by

ground control should be available to the crew in

a user-friendly format. Systems control and dis-

play, power management and distribution, data pro-

cessing, inventory control of expendables and eq-

uipment, flight management (e.g., formation fli-

ghts, shuttle interaction, altitude reboosts, TMS

checkout and launch), malfunction warning and

reconfigurations will all be managed with the

assistance of multi-redundant computer systems.

The shift from predominantly ground-based mission

control to greater orbital autonomy requires an

extensive onboard tracking, communication and com-

mand center (Dickinson, 1983). The station crew

should generate and modify its own work schedules

using an interactive expert system designed fop

this purpose.

The space station can have payloads attached

to it. Payloads will be given berthing space,

power sources, and other facilities as needed.

Mission specialists (scientist- or engineer-astro-

nauts trained extensively for payload operations)

and payload specialists (trained to handle specif-

ic packages) will provide human expertise for suc-

cessful payload deployment. Expected modules may

include National Research and Development Laborat-

ories, satellite servicing bays, and a smart-

front-end TMS. The space station can serve the

multiple needs of materials processing, life sci-

ences experiments, commercial and scientific vent-

ures, national security concerns, and even contam-

inant containment missions -- although, over time,

personnel rotation and onboard experiments involv-

ing animals could expose stabilized, susceptible

erewmembers to new pathogens (Chambers, 1983).

Satellite servicing is a key capability. The

space station will be equipped with grappling

equipment, conceptually similar to that used by

Earth-based stevedores. The equipment will be

housed in and near the bays where satellites are

secured for servicing. With scores of astronaut

and mission specialist hours of labor devoted to

extra-vehicular activities such as satellite serv-

icing and reconfiguration, the station should be

equipped with a semi-automated "personal valet"

system for cleaning and refurbishing spacesuits

after each use. Suits currently require 60-?2
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hoursfor refurbishingafter EVA;thevalet could
allowastronautsto cleana sult in lessthantwo
hours. Hookedto oneof severaloutlets, thesuit
wouldbe thoroughlyvacuumedof moisture,sweat,
aromatics,humanexhaustandothercontaminants.
Suitelectrical, thermal,radiative,andatmosphe-
ric propertieswouldbe evaluatedprior to the
nextusage.

7.1.2 FactorsandOptionsIn Near-TermEvolution

Thespacestationwill be a multifunctional

system capable of sustaining human life while

providing a research laboratory for basic academic

investigations as well as commerclal/industrial

feasibility trials. It must be self-sustaining

and serve as a workplace for the construction and

repair or other space hardware. Fortunately, the

concept of "space station" has been broadened to

include an ever-changing system of numerous free

flyers and unmanned platforms flying in formation

around a base station and in alternative orbits.

The term "evolution" suggests systematic, adaptive

advancement in the use and structure of the space

station. Implicit In the term is the notion that

the facility will become more diverse in function

and more complex in structure over time. A

related term, "metamorphosis," would better apply

to sudden changes that radically transform the

space station or its mission (e.g., converting the

LEO habitat to an L5 waystation or lunar orbiter.)

There are many evolutionary courses the space

station could take. For example, the station

could begin small, growing in size and developing

into a large monolithic space complex with hundr-

eds or thousands of human inhabitants (O'Neill,

1976). An alternative evolutionary strategy is

smaller but more numerous modules -- the key to

evolution is survival, not necessarily bigness. A

careful examination of current and projected evol-

utionary pressures should be undertaken to plot

the most appropriate course for space station sur-

vival.

Two driving forces may substantially affect

station architecture -- technological advances

(e.g., in microprocessors, robotics, artificial

intelligence) and social transformations (e.g.,

national politlcal-economic conditions, manage-

ment-organizational structure_. Both can induce

change not only in space station structure but al-

so in mission patterns and In human-machine auton-

omy. For example, microchips have replaced rooms

full of" computer hardware, resulting in greater

data processing power at less cost. Hair-thln

glass fibers are replacing bulky coaxial cables.

Space-rated hardware is now more compact and more

intelligent than just a few years ago. Assuming

these trends continue, unmanned platforms are ex-

pected to become more efficient and autonomous,

requiring less and less human intervention. Like-

wise, habitable spacecraft should become more

highly automated, freeing human inhabitants from

mundane monitoring and control duties and allowing

more exploratory and creative activity.

Changes in the social milieu are less predic-

table. As the gross national products of partici-

pating nations fluctuate, so might funding patt-

erns for space activities. As international conf-

lict waxes and wanes, so might defense-related

missions for the space station.

Within the station itself, changes in crew

size and makeup may alter habitat size, design,

even onboard "culture." Experiments in the physi-

cal and biological sciences could affect llfe on

the space station and on Earth. The development

of new medical procedures, new construction and

management techniques, experiments in communica-

tion and transportation, and novel energy generat-

ion techniques could have a reciprocal evolution-

ary effect on space station development and on

earthbound enterprises.

Current economic and political projections

indicate that the space station will begin small.

It must have the potential to survive and to grow

at an affordable initial price. It must be able

to take advantage of new technologies and social

factors without the need for complete retrofitt-

ing. To this end, hardware should be modular, up-

gradable and plug-compatible with standard terres-

trial devices, and stati6n social organization

should be flexible enough to allow for innovative

change.

7.2 Ccmneratallzatton of the Space Stahion

The space station wlll have a useful llfe of

at least several decades. It wlll begin as a res-

earch and development facility, heavily dependent

on the space shuttle and ground control for

support, and later evolving into an autonomously

operated manufacturing and service facility linked

to a family of auxiliary platforms and spacecraft.

The estimated initial cost for a 1991 deployment

is $7-9 billion, plus large additional subsidies

to meet continuing capital and operating expenses.

The space station must be regarded as a long-term

investment in national technological and economic

strength. This investment will produce scientific

knowledge throughout its life and may lead to

significant economic benefits by the year 2000 and

beyond.

The American private sector is distinguished

by Its ability to develop new products and servic-

es from innovative applications of scientific

knowledge. The goal of space commercialization is

to encourage companies to invest in the space

station. If this goal is realized, some share of

station funding wlll gradually shift from the

public to the private sector. U.S. companies will

benefit from an enhanced ability to compete in

world markets because of their long-range commit-

ments to research, development, industrial and

service operations in space. Station facilities

will enable manufacturers to create unique, high-

value, low-volume products which could not he dup-

licated on Earth, and to market terrestrial spin-

offs of automated processes developed for use

aboard the station. The American public thus also

benefits from a greater range of goods and servic-

es available and a decreasing tax burden.

Both private companies and the federal gover-

nment recognize the great expense and enormous

risk of space station investments. Costs are gen-

erally higher than investments in similar activit-

ies undertaken on Earth, and risks to the private

investor include the uncertainty of earning adequ-

ate return on capital and the need to wait up to a

decade before significant returns are realized.

At present the two most promising areas of commer-

cial activity are materials processing in space

(MPS) and launching/servicing communications sate-

llites. However, with one exception (a Joint ven-

ture in electrophoresis by McDonnell Douglas and

Johnson & Johnson), neither activity will yield

significant revenue during the station's initial

decade. It will take about ten years of MPS lab-
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oratory research and development work to identify

which manufacturing processes are commercially

feasible for producing unique products in space.

Ana before the station can be used as a communica-

tions satellite launch and service base, a reusab-

le orbital transfer vehicle (OTV) must be develop-

ed for cost-effectlve transport between LEO and

GEO.

The traditional planning horizon of American

companies is shorter than one decade. To extend

this horizon, private industry must gain confiden-

ce that the U.S. government has a sustained com-

mitment to space commercialization and to the sta-

tion. In the past an adversarlal relationship has

sometimes existed between public and private sect-

ors. In the future, the federal government should

take the initiative to develop cooperative rela-

tionships with private industry to promote the

commercialization of space, thus ensuring the

American station will remain commercially competi-

tive wlth foreign manned facilities, launch vehi-

cles, and satellites.

7.2.1 Materials Processing in Space (MPS)

The objective of MPS is to advance scientific

knowledge and to identify commercially feasible

space processing techniques. Microgravlty is a

unique property of space that may allow some mate-

rials to be manufactured with greater precision

and fewer defects than on Earth. But MPS is a new

science, and a decade or more of basic research

may be required before commercially feasible pro-

cesses can be developed. Perhaps a majority of

MPS experiments will fail to result in profitable

processes. The possibility of new technologies

designed to minimize the effect of gravity illust-

rates the risks of investing in MPS. For instan-

ce, a company working with NASA recently developed

a containerless system for making special glass

products on Earth (OTA, 1982). As another examp-

le, electrophoresis operations in space (EOS) was

developed several years prior to genetic engineer-

ing. It is possible that genetic engineering on

Earth may be a more economical way to purify vacc-

ines than EOS (Bieman, personal communication,

1983).

After commercially feasible processes have

been demonstrated, large-scale production facilit-

ies can be deployed on dedicated space platforms

supported by the American station. NASA's near-

term plan is to establish an orbital MPS laborat-

ory to conduct basic research. The principal

challenge is to find inducements for private sect-

or companies (I) to make long-term commitments of

money and resources, and (2) to participate in MPS

experiments.

To encourage commercial investment in MPS,

NASA should take the following steps to reduce the

risks faced by private investors (OTA, 1982;

Weinberg, 1983):

(I) In conjunction with representatives from

industry, NASA should identify and publicize those

MPS research ventures which show the greatest pro-

mise oz commercial feasibility. Useful guidelines

include the existence of a market (without markets

for a new product, no company will invest in re-

search to produce it), high product value per

pound (many activities will compete for limited

station facilities), low labor-lntensiveness (only

a limited number of people can be supported on a

space station), requirement of a unique property

of space such as microgravity (if space is essent-

ial for production, the product probably cannot be

made more cheaply on Earth), and low probability

of rapid technological obsolescence.

(2) NASA should continue to create various

cooperative arrangements with private industry

such as its Joint Endeavor Agreements (JEAs).

(3) NASA should offer financial incentives

to private companies to support an MPS laboratory.

For example, the fee for commercial participation

could be indexed to the sign-up date. The earlier

this date, the lower the annual fee NASA charges

the company. As another example, under a JEA NASA

could allow use of an MPS laboratory at reduced

cost in return for a royalty fee based on future

profits. Other branches of government could also

help out. For instance, Congress could legislate

preferred tax treatment for companies participat-

ing in MPS.

(4) NASA should encourage companies interes-

ted in MPS to form research consortia to allow

Joint funding of the MPS laboratory. In 1980, Ju-

stice Department guidelines suggested sympathetic

consideration for cooperative basic research vent-

ures open to all prospective participants. Recen-

tly, computer and semiconductor manufacturers have

formed a research consortium to challenge Japanese

competition.

(5) Rules must be promulgated to protect and

to share intellectual property rights, rights to

patents, and trade secrets.

(6) NASA must guarantee that, throughout the

life of the space station, space facilities will

be easily accessible by a dependable transportat-

ion service.

Product Areas for MPS. Five major product

areas are targeted for research in an MPS laborat-

ory (OTA, 1982). The production of materials in

these areas -- (I) crystal growth, (2) solidifica-

tion of metals and alloys, (3) containerless pro-

cessing of glass, (4) fluid and chemical process-

ing, and (5) pharmaceuticals -- will be enhanced

by the mlcrogravity environment of space.

Crystal Growth: When semiconductor LSI chips

used in computers and communications devices are

grown on Earth, they contain imperfections which

reduce their electrical performance. Similarly,

ground-produced infrared detectors contain defects

limiting their ability to detect small currents.

Semiconductor and infrared crystals grown in an

MPS laboratory will be of far higher purity and

thus should be capable of superior performance.

Solidification: Gravitational effects great-

ly influence the physical structures of metals and

alloys. Directional solidification in mlcrogravl-

ty allows complex shapes such as turbine blades to

be melted and directlonally resolidlfied to incre-

ase axial strength. Misclbillty-gap alloys, which

cannot be prepared in bulk quantities on Earth,

might be produced in mlcrogravity for such diverse

applications as electrical contacts and self-lubr-

icating bearings.

Containerless Processing: One advantage to

manufacturing in space is that materials can be

processed without absorbing impurities from cont-

ainer walls. Contalnerless processing may make it
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possible to extend the glass-forming range of many

materials, even metals, resulting in new glasses

with unique properties. Possible applications are

optical waveguides, fiber optics, and fusion ener-

gy lasers.

Fluid and Chemical Processing: By eliminat-

ing the effects of convection and sedimentation,

microgravity allows components to be isolated for

study with a higher degree of freedom than is

possible on Earth. A potential application is the

production or monodisperse latex spheres in space.

These spheres, now available only in research

quantities, are used in calibrating electron mic-

roscopes, in the measurement of membrane pore

size, and in serological tests for a variety of

diseases.

Pharmaceuticals: Electrophoresis, the separ-

ation of particles of different charge/mass ratios

in an electric field, is the only MPS activity

likely to succeed commercially within the next

decade. Tests of prototype electrophoresls opera-

tlons in space (EOS) have already been conducted

aboard the space shuttle. EOS can produce a

hlgher-purlty immune serum than is available on

Earth for treating viral infections afflicting

185,000 patients annually in the United States

alone (MDAC, 1983). Other biomedical applications

of microgravlty may yield such products as human

insulin, collagen for artificial corneas, and

artificial skin for wound and burn treatment.

Role of the Space Station in SUDDOrt of MPS.

The role of the station is to provide a readily

accessible MPS laboratory offering versatile, mod-

ular, basic materials processing facilities which

permit easy replacement as existing technology

becomes outdated (Martin Marietta, 1983). The MPS

laboratory could perform experiments developed by

universities, NASA, private industry, or other

research groups. Equipment should be compact

enough for transport via shuttle to the space sta-

tion. Small commercial MPS development hardware

could be leased for short periods of time as space

and utilities are available, but on a lower-prlor-

ity basis than units dedicated to basic research

(the primary objective of the laboratory). Large

commercial production hardware such as EOS units

could be externally attached to the station, leas-

ing electrical power and other services as requir-

ed. EOS units would be resupplied by a station-

controlled TMS unit. Exhaust gases from commerci-

al production platforms must be vented without

contaminating other platforms, free flyers, or

station modules.

The near-term human presence in an MPS labor-

atory is very important. Human operators can mon-

itor and control experiments, service and resupply

the facilities, adjust equipment to accommodate

new processing sequences, intervene in response to

unanticipated problems, and alter procedures when

necessary. Their presence minimizes the time

needed to conduct experimental research.

Some MPS laboratory tasks could be accompl-

ished by automation and telepresence (see Appendix

7C). However, in the near-term not all desired

experiments could be performed in this manner.

Those experiments which could be performed by aut-

omation and telepresence would take more time to

complete than if they had been performed by a crew

member. Thus in the near-term a laboratory rely-

ing solely upon automation and telepresence must

have lower productivity than one employing human

operators. Furthermore, commercial firms are un-

likely to invest in MPS unless they are certain a

human operator will be available on site.

While an MPS laboratory cannot be operated at

full capacity without a human operator, people

need not be continuously present. Astronauts need

only be continuously available, on a part-tlme

basis. Martin Marietta (1983) has estimated MPS

lab requirements as one crewman for 50% of a work-

day -- that is, the lab operates at 100% capabili-

ty when staffed by one person working half-time

for 360 days per year. If commercial users can

accept a lab with reduced productivity, then less

human presence is required. If operating effici-

ency is directly proportional to half-time human

workdays per year available, then if a person is

available 140 days/year (e.g., 20 one-week shuttle

flights) the operating efficiency is approximately

38%. In this example, a given set of experiments

would take 100%/38% = 2.63 times longer to perform

than if the lab were permanently attended, though

possibly at far less cost.

7.2.2 Communications Satellites

Cumulative commercial investment in domestic

communications satellite systems, including ground

stations, has increased from $170 million in 1974

to $1.6 billion in 1982. Rising demand for inter-

national communications has been even more dramat-

ic. Rapid growth is expected to continue beyond

the year 2000. Two factors may restrict the abil-

ity of communications satellites to satisfy this

increased demand -- the limited number of satell-

ite positions within the usable geostatlonary arc

and the limited usable frequency slots. A number

of technologies are under development to improve

satellite capabilities to more fully utilize the

available space (Martin Marietta, ;983). None of

these technologies requires a space station, nor

is one needed to support the expansion or moderni-

zation of the satellite communications industry.

However, the station can serve as (I) a test

facility for new hardware for use in communica-

tions satellites, (2) a base for launching commun-

ications satellites into GEO, and (3) a base for

servicing communications satellites deployed in

GEO. A commercial communications carrier will pay

for these services only if they are cheaper than

alternative means of achieving its objectives.

The first of these services can be offered in the

near-term, but the others await the development of

a reusable launch vehicle which can carry satelli-

tes from LEO to GEO. New equipment such as anten-

nas, transponders, and switching circuits can be

carried into orbit for testing and space qualific-

ation, eliminating the need for a dedicated satel-

lite to demonstrate new technologies. None of the

three services requires a permanent human presence

in space. All could equally well be provided by

an unmanned space platform periodically visited by

satellite servicing crews in shuttle sorties last-

ing several days.

Presently, communications satellites are

launched both by expendable booster rockets (such

as the Ariane) and by the reusable space shuttle

which has an expendable upper stage to send pay-

loads into GEO. As satellites continue to grow in

size and weight, larger upper stages will be

required. NASA is considering the development of

a station-based reusable upper stage, the OTV, to

transfer satellites from LEO to GEO after initial

delivery to LEO by the shuttle. If NASA develops

an economical, reusable OTV, the shuttle/statlon
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combination could capture a large segment of the

market for launching high-altitude communications

satellites.

Satellite technology is changing so rapidly

that commerolal carriers find it economical to re-

place their on-orblt equipment every 7-10 years,

although most satellites could continue to relay

signals for much longer periods (Martin, 1978).

If the space station is to serve as a base for

servicing communications satellites, NASA must

convince communications carriers that it is cheap-

er to incrementally repair and upgrade than to re-

place. To do this, a reusable OTV must be avail-

able and comsats must be modular in design and

constructed for easy on-orblt servicing. The re-

moval of an old module and its replacement by a

new or functioning unit must be possible in GEO

via a TMS servicing unit transported by a reusable

OTV.

Most communications carriers now keep a spare

satellite on the ground ready for launching. If a

satellite fails in orbit, the antennas at its

Earth stations are redirected to another satellite

until the spare is deployed (Martin, 1978). If

satellites can be repaired in orbit, communica-

tions carriers need not purchase and maintain

spares on the ground or at the space station.

NASA (or a private insurance groupl could maintain

one modular, general-purpose utility satellite at

the space station. Whenever a commercial satell-

ite fails in orbit, the OTV could deploy the util-

ity satellite until repairs on the failed device

had been completed.

If the policy of servicing geosynchronous

satellites is successful, NASA will reduce the

number of new satellites launched from the space

station, thereby lowering the revenue It will earn

from launching satellites. The revenue earned by

satellite manufacturers will also be reduced.

Since geosynchronous satellites can be designed to

have a useful life much longer than seven years, a

policy of repairing and upgrading satellites in

orbit rather than launching new satellites every

seven years will reduce expenses to the communica-

tions carriers and produce more robust satellite

designs.

7.3 Adeanoed Stations and the Evolution of

Autonomy

While no specific predictions are possible, a

general scenario of evolution of NASA missions

over the next 30 years can be described. Assuming

the space station project proceeds as have other

NASA projects, with heavy government backing and

no major technical failures, the project will

persist and gradually expand. As this process

unfolds, the corporate world will begin investing

in orbital R&D. Many of these investments will be

successful -- foamed metals, zero-g separation of

cells, and contalnerless production of semiconduc-

tors are likely to produce high value-added prod-

ucts -- both in commercial and mass markets.

NASA will extend the space station concept to

include free-flylng platforms, formation flying,

tether assemblies, and so forth, whose success

wlll strain the capabilities of flrst-generatlon

facilities. These facilities will be characteriz-

ed by prefabricated modules constructed and in

some cases serviced back on Earth. Module dimens-

ions will be limited by the shuttle cargo bay

capacity. Station architectures will be simple

cylindrical networks. Prefabricated modules are a

conservative way of prototyplng, providing the

most data at least risk. However, modules do not

provide sufficient space to scale up space manu-

facturing and research efforts after the initial

phases are complete.

7.3.1 Second-Generation Stations, Lunar Bases,

and Beyond

The second phase of space station development

requires greater contiguous volume. This reduces

reconfiguration costs, slmplifies llfe and habita-

bility support, adds to station safety, and aug-

ments efficiency as LEO utilization increases.

One indication that this second phase has been

reached wlll be the on-orblt conversion of shuttle

External Tanks into pressure vessels, construction

frames, and raw materials for small-scale local

fabrication. Contiguous volume is best provided

by stations constructed in space. The minimum

structural mass per liter of contained pressurized

gas and the minimum surface area per enclosed vol-

ume (hence minimum leakage rate) are provided by

spherical pressure vessels -- a shape poorly-suit-

ed for shuttle transport.

Increased volume requirements thus demand the

construction of entire space stations in orbit,

probably in the form of geodesic spheres. A prac-

tical size for a second-generation station is a

20-meter-dlameter structure, which could be const-

ructed in perhaps 6 months using 5 shuttle-leads

of materials including _ tons of air, an open-cyc-

le environmental control system, and interior fit-

tings. This station would be roughly the size of

a 3-story building from top to bottom, ideal for

an orbital corporate R&D laboratory. Cheap HLLV

boosters could provide replenishment of station

expendables such as food, air, water, and scrubber
chemicals.

It seems possible that the demand for space

goods may become fairly large, followed by a con-

siderable orbital market for consumables and cons-

truction materials. Such a market would be heavi-

ly influenced by transportation costs, although

not, perhaps, dominated by them. In the near-

term, Earth resupply is favored. In the longer

run, as market size increases, a capital invest-

ment in lunar resupply could become attractive. A

solar- or nuclear-powered electromagnetic catapu-

lt, assisted by aerobraking at the delivery end,

may be used to efficiently transport supplies to

LEO from the lunar surface.

The first such supplies could be consumables

such as oxygen and food. Organic station wastes

could be sent to the moon for agricultural applic-

ations or reprocesslng. Lunar materials also may

be essential in the construction of manned stat-

ions at or above GEO. These stations may be req-

uired for eertaln ambitious telecommunications and

data processing schemes, and for the construction

of solar power satellites, but require massive

bulk shielding from solar flare and Van Allen Belt

radiation. It is unlikely that such shielding can

be economically supplied from Earth.

As capital and experience accumulate at the

lunar base, further projects involving lesser val-

ue-added items might become feasible. One such

project would be fabrication of aluminum or basalt

items for use in LEO construction projects. The

lunar base would be valuable as a materials supply

node for all extraterrestrial construction proj-

ects. This would include, eventually, large-scale

space telescopes as well as expeditions to Mars
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and the closer asteroids. It would also serve as

a necessary precursor to scientific installations

on the lunar farside. The advent of highly autom-

ated space manufacturing systems, including self-

replicating systems (SRS), will greatly increase

the speed of this development (Freltas and Gilbre-

ath, 1982). But a moon base able to support

greatly expanded LEO operations will become avail-

able only if basic questions of lunar resource

availability, extraction technology, selenocul-

ture, and lunar habitability are resolved -- ques-

tions which, realistically, can only be pursued by

NASA.

7.3.2 Autonomy and the Human-Machine Symbiosis

Some have suggested that the greatest space

station effectiveness at lowest cost will be

achieved by developing and implementing an advanc-

ed human-machine symbiosis. Within this symbios-

is, a relatively few humans would cooperatively

direct many machines, providing goals and guidance

especially in unforeseen circumstances. NASA must

not lose sight of the fact that it is now an act-

ive participant in evolution, controlling environ-

ments for living beings and influencing their evo-

lution. A space station is a landmark in this

process, representing the first time people have

ventured completely beyond the life-supporting

terrestrial habitat to work in a totally artifici-

al and utterly alien environment.

Developments in genetic engineering may also

play an important role in mankind's future in

space. For example, biological molecular electro-

nic devices may be used as implants for humans,

especially for sensory prosthesis (Carter, 1983).

These will have been developed by mankind partici-

pating in its own evolution, an example of an int-

elligent evolutionary feedback loop that has never

before existed in nature and whose impact is

greatly amplified by technology. Ultimately the

distinctions among man, his technological extensi-

ons, and his environment may begin to blur because

of human-directed co-evolutlon of the environment

and the organism, both on Earth and in space.

Humans (and other mammals) possess what seems

to be a necessary and sufficient set of physical

senses, adequate for procreation and survival in

the "wild." But which human danger-senses are the

most important for survival in space? The

conditions and hazards in orbit are vastly

different from those on the ground. For instance,

senses which help detect air leaks could preserve

life on a space station but would have little

relevance on Earth where there is almost always

enough air. Conceivably, the optimum mix of

senses could involve symbiotic sensors -- say,

human ears combined with a sound-orlented radar

display, or spacesuit EVA glove bolometers with

thermal feedback (e.g., touching a hot surface

causes a wrist pad to warm slightly). Another

intriguing possibility is computer-generated

scent-alarms (the human nose can distinguish llt-

erally thousands of odors, though our languages

are too poor to describe them all). The olfactory

cortex is wired into one of the oldest, deepest

parts of the human brain, thus odor alarms are

guaranteed to attract attention in an emergency

situation.

Then there is the broader issue of human evo-

lution. Industrialized humanity now exists in

air-conditioned artificial caves (cities). The

conditions and rules of survival to reproductive

age have changed. Rather than fending off charg-

ing rhinos, people now must look both ways before

crossing the street; instead of being skilled

with a lance in order to hunt and kill their

dinner, workers must build, write or speak well to

earn money to pay for food at the cafeteria. The

wheels of evolution never stop, they merely change

direction -- but what is the new direction? A

whole new set of behavioral rules for survival in

space will emerge as habitation proceeds from

first-generation station astronauts to whole fami-

lies living and working in space cities. The

technological environment will define, reinforce,

and augment these new behavioral rules.

7.3.3 The Space Station as an Autonomous

Intelligent Organism

The advancement of man and machine into space

is a unique event of evolutionary significance no

less important than the emergence of sea-dwelllng

creatures onto the land. The space station may

become a living entity adapted for survival in

space, a symbiotic organism comprised of humans

and machines much llke the first clusters of dis-

similar cells which Joined together to form primi-

tive plants. Early stations will be dependent up-

on the resources of Earth, but in time their des-

cendants may need Earth no more than land-dwelllng

reptiles and mammals are dependent upon the ocean.

To make the station more flexible and indep-

endent, computers will monitor and control many of

the functions now performed by people, thereby re-

ducing ground-based personnel. Astronauts will

make more of their own decisions. Advanced-stat-

ion computers will be far more intelligent and

sophisticated than any that have flown in space

before. There will be perhaps thousands of micro-

processors, each with fantastic memory and proces-

sing power, decreased error susceptibility, and

superior error recoverability. A few larger eomp-

uters will house expert systems, intelligent prog-

rams able to diagnose and repair malfunctioning

station components. Other computers, "friendly"

and "smart," will communicate with people.

Does the space station have free will? The

answer must be yes, if humans do. The station is

comprised of both men and machines wlth people

making the important decisions guiding the course

of the station's future. The space station will

depend upon Earth-dwellers for its survival. By

simple analogy, a human infant is an autonomous

organism but is highly dependent on its parents.

There comes a point, however, when a pair of orga-

nisms are not one but two. The two organisms may

still be dependent upon one another for survival,

yet function independently with respect to the

principal decisions of their lives. This seems

less llke the relation between mother and child

and more llke the one between free adults in

everyday llfe. It is this latter kind of autonomy

that will be designed into the advanced station

and its descendants.
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APPENDIX 7A

A DAY IN THE LIFE OF A SPACE STATION CREWMAN

Contributed by

J.A. Wise

It was Jupiter.

From this distance, Just outside lo's orbit

at a quarter-million kilometers, it amply filled

the sky, the eyes, and the imagination.

The molten, sulfurous hell of a moon began

its transit of the Jovian disk. The two bodies

seemed connected somehow. Suddenly Io elongated

impossibly, coiling through its orbital path arou-

nd the limb of the planet. In response, Jupiter

fissured at the equator, yawning like a starving

clam hungry for a moon...

The image abruptly vanished. He was awake,

staring at his own hand floating Just inches from

his face. The most exhuberant passage of Holtz's

symphony rang in his ears. Station crewman Rich-

ard Sherif smiled faintly, recalling old stories

of astronauts who awoke to a frightful start upon

seeing their own hands looming over them. He

still wasn't quite used to it.

Inside his pod the night lights had come on

along with the preprogrammed tape, which he decid-

ed to let play awhile longer. He usually preferr-

ed wakening to something a bit less stimulating

than this particular passage. But this was Day

59, his big day -- and he felt, well, off. The

psych officer had briefed them all on how depress-

ion tends to set in near the midpoint of a tour of

duty on the space station, but that had Just been

theory to him, until now.

He reached out from the rollaway thermal

blanket, flicked on a terminal that lay recessed

almost directly overhead, and logged in, bringing

the keyboard down to snuggle against his chest.

It was time to see what the scheduling program had

done to the day's workplan he'd submitted the

night before.

In this and the adjacent orbital habitation

module, six men were somewhere in their staggered

morning sequences of doing almost the same thing.

Station life was like that -- you were always a

part of one programmed sequence or another. On-

orbit personnel time was perhaps the single most

expensive commodity in the space program. Around

him now, even through the soundproofed walls of

his personal pod, he heard -- no, felt-- the rest

of the station coming to life.

Each man's pod was the closest thing to a

"home" during the 90-day mission. The pods, Dick

reflected, combined the best of an old-fasbloned

mountain tent and an egg. There were four of them

in each habitation module, four human cartridges

packed around the inside circumference like shells

in a revolver. Within each fiberglass pod was a

compact berth reminiscent of the pocket hotel

rooms that had sprung up in Tokyo to save space

more than a decade before.

Pods had the volume of a small coat closet,

but offered controlled lighting, temperature, and

ventilation. One bulkhead contained the sleeping

pad with its dual blankets and restraints that

could be pulled over the body llke a horizontal

rollup window shade. Another side was dominated

by the personal televideo screen -- an information

display, message center, and visual link between

those onboard and earthslde. The third bulkhead

was a mass of storage compartments, plastic photo

displays, and, most importantly, a private window.

Dick finished reviewing his schedule, then

quickly scanned his electronic mail. There were

some letters from colleagues and one from an old

classmate about their upcoming Stanford reunion.

He'd have to read it later, as his time frame for

lavatory usage had nearly arrived.

He removed, folded and stored away the

featherweight headphones that had given him his

morning reveries. Then he logged off, replaced

the terminal, and unfastened the thermal blanket,

allowing it to retract and roll up to one side of

the pod. From a bin directly above it, he pulled

a fresh supersuit, the standard duty apparel.

Dressed, he reached for the hatch but paused a

moment to peer outward at the dayllt Earth that

lay almost 500 kilometers below. They had Just

passed over the terminator, that hazy line separa-

ting night from day. This view of the most beaut-

iful water planet in the cosmos overwhelmed all.

Once during a few spare moments on EVA early

in his tour, while watching the North American

continent pass majestically below, he'd been

gripped by a startlingly powerful revelation of

the pettiness of human differences that fractured

mankind. National boundaries were invisible from

space, and the comforting blue-green haven of life

seemed so fragile against the cold eternity of

stars and foreboding blackness. From that day he

knew why, a quarter-century earlier when men had

Just walked the Moon, astronauts had returned from

their voyages profoundly moved and utterly changed
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by the experience.

He pushed, rotating away from the window and

sliding back the panel that opened into the centr-

al passageway.

"Good morning, Dick."

"Morning, Don," he responded, a lltt]e too

automatically, to the mellow biochemist who passed

him.

Don Hayes was a mlddle-aged clvilian

scientist employed by a major pharmaceutical firm,

one of the first to lay down money for a chance to

perform critical drug-manufacturing studies in

weightlessness. Although the proprietary nature

of his work did not allow him to share much of it

with the rest of the crew, they bad all quickly

taken to Don's easygoing style and droll

mannerisms. Frequently, when they made a public

news telecast to Earth, Don would be chosen to

give the voice-over monologue. He had, according

to Pete "Spiker" Caul, their commander, "a natural

DJ's voice that women die over and men kill for

.... " And we need good PR, he'd say, convincing

Don to tape yet another program.

Don swung easily out of his pod and proceeded

headfirst toward the conical end of the module

that converged on the central circulation spine.

The two men guided themselves from one handhold to

another, using fluid motions that always reminded

Dick of scenes from a Tarzan movie. Throughout

the station, edges of every partition, cabinet,

and panel sported handholds for just this purpose.

Maintaining motion was the key. Everyone knew the

story about the Skylab astronaut who spent 20

minutes trying to propel himself toward a handhold

after inadvertently drifting beyond reach of his

anchorage. Nobody wanted to be the first to be

placed at the mercy of his crewmates in such a

undignified predicament.

They came to the connecting hatch and parted

company, Don heading for the kitchen/dining module

and Dick turning the opposite direction, toward
the logistics module housing the lavatory. The

logistics module was the only major component of

the space station that was refurbished on Earth

every 90 days. Water and air were recycled, and

power came from two acres of solar cells that

stretched out like huge wings on either side of

the central spine. But food and laboratory

supplies arrived in a new logistics module with

each shuttle visit, and all the solid waste,

garbage, packing materials, lab refuse, and

anything else they didn't want went down with the

spent module.

Thus on its return leg the STS became the

most expensive garbage truck in history. Of

course, it was also bringing home a crew who had

been among the most valuable workers in history --

to support a person in orbit in 1993 cost about

$20,000 an hour. Little wonder astronauts spent

12 hours a day, six days a week on active duty.

Strangely, neither Dick nor any other erewmember

really minded. In fact, their schedule had to

program in leisure time to make them stop worklng.

On his way into the logistics module, Dick

met Ted Cheston, their metallurgist and another

industry scientist, on the way out.

"Morning, Dick," said Ted as they passed.

"Hey, if you want to see something that'll really

knock your socks off, come by the processing lab

after breakfast."

"I'll try," Dick responded, opening the entry

hatch.

"Take it easy in there," Ted cautioned. "The

old slingerts acting up again."

Dick scowled in disgust. If anything stopped

the human colonization of space, he reflected

glumly, it would be the failure to design an

absolutely foolproof zero-g toilet.

Every day, the personnel of America's first

manned space station tried to have one meal

together. Today, it would not be breakfast.

Instead, their schedules, constantly revised to

make the most of time and opportunities, created a

breakfast scene in the wardroom/galley that looked

llke an outtake from one of those big-family

sltcoms on television in the 1970s.

During Apollo, crews ate together in their

flight couches at strictly programmed times, slur-

ping reconstituted foodstuffs through straws from

plastic bags. Skylab was a slight improvement --

the three crewmen dined at a triangular dining

table next to a round picture window overlooking

the Earth. Meals came freeze-dried in prepackaged

trays, and were reconstituted by adding hot water

to the food pouches. Many recipes included agglu-

tinants so food would stick to a fork, providing

something llke normal eating in zero-g.

There was no problem ingesting food -- the

haman digestive tract worked on peristaltic

contractions, almost as if it had been designed

for space living. The real difficulty was getting

food into the mouth. A carelessly bitten cookie

could produce floating crumbs resembling a swarm

of gnats. Fluids could not be drunk from a glass

since the liquid would literally crawl up the

sides and disperse itself into millions of tiny

droplets. And peas would not stay on a fork, nor

cereal on a spoon. The design breakthroughs that

made eating in space more of a pleasure than a

chore came from three distinct contributions.

First came a pantry food storage system that

allowed a limited variety in daily menu choices.

What one ate at a given meal no longer had to be

decided six months earlier. No more pro-estab-

lished menus -- anyone could eat what he wanted,

more or less when he wanted. The second major

innovation was zero-g utensils, one of which

looked like a marriage of Occidental and Oriental

technologies -- a hinged-fork/chopstick tool that

permitted ready grasping and manipulation of food

items. The third innovation was actually an idea.

Planners realized that food preparation and food

sharing have deep psychological roots, and are

part and parcel of every significant social event.

When the galley was designed, a large stock of raw

materials was included so crewmembers could create

impromptu recipes of their own.

Right now, an unplanned cookoff was develop-

ing between Dick and Kurt Cllffman, another astro-

naut who had just last week succeeded in preparing

the first flat crepe in orbit.

"Hey, Dick, when are we going to see that

chili of yours that you keep bragging about?"

Kurt had inched up alongside him in front of the

pantry as he made his morning selections. Both

were restrained upright, their slipper toes tucke_

under the lower rail running the length of the

galley bulkhead.

"Someday when neither you nor I have to go

EVA for at least 24 hours afterwards," Dick shot

back. "My stuff's high-test. Strictly JPL."

Kurt chuckled. "Jet Propulsion Lavatory?"

"In that case," intoned a familiar drawl,

"maybe we oughta let the Defense Department glt it

first."

The voice belonged to Spiker, the skipper.

At 54, he was one of the few "white-scarf" astro-
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nautsstill on active duty. He had come to NASA

as many had before -- Navy fighter Jock, then test

pilot, then astronaut. Now, as their shuttle

pilot and station commander, he seemed to be in

his natural element. He beamed broadly, motioning

them over to where he'd webbed himself in for

breakfast.

Dick and Kurt snapped the food pouches onto

their trays, then pushed over to Splker's SPUF

(Space Packaged Utility Frame) -- a modular,

flexible framework that could be reconfigured for

many different furniture arrangements. Fitted

with trays, the SPUF formed a hexagonal table

large enough for three crewmen. There were sever-

al such SPUFs in the wardroom, left over from the

previous evening's activities. Tonight, they

would be reconfigured again into a single table

for the "family" meal.

Kurt and Dick webbed in on either side of

Spiker, allowing restraint belts and foot bars to

keep them in the nearly relaxed zero-g position.

"Well, boys, seems like you got yourselves a

little Job today," Spiker intoned.

Kurt and Dick nodded at the understatement.

"Yeah, Spiker," Dick responded. "You know, we've

planned and trained for a year and still I wonder

if we've thought of everything."

"I don't know a better way to find out, but

if you fellows have any second thoughts we can

patch up another simulation."

"No, no, nothing, really .... " Dick trailed

off.

"For me," said Kurt, "it's the hydrazine

question. External scans tell us nothing. I

don't feel as confident as the contractor's rep."

"That's right," broke in Dick. "If that

stuff's gotten inside the circuitry, replacing the

boards sure won't help."

"Which means," Kurt continued, "we don't know

what we're going to find when Dlck opens up that

Solus. Hydrazlne pockets? Massive corrosion?

Dead circuits? If Dick's work sets off a short

and sparks start hopping .... "

"Which is why I want you boys to follow the

book exactly on this one. Remember, that Solus

was never designed to be taken apart on EVA.

Anytime you don't like what you see, you abort and

we'll OTV that hunkajunk into the sink. Hokay?"

"Yeah," Kurt agreed, looking at Dick. "The

Solus Corporation won't be any worse off than they

are now. They're lucky NASA's even letting us try

this little replacement."

"True," said Dick, "but if we pull this off

we've demonstrated a real capability for handling

contingencies. That was one of the main arguments

for a manned station to begin with."

Dick was on his way down the central spine

toward the main airlock when he remembered Ted's

invitation. He reached for an overhead handhold,

stopping his forward momentum and rotating nearly

upright. He peered through a small window into

the lab module, not wanting to bother Ted if the

metallurgist was in the middle of an experiment.

He saw the wiry, intense man hunched over some

equipment, halfway up the exterior bulkhead. The

hatchway latch was ajar, indicating the occupant

was accepting visitors. Dick entered.

"Hi, Ted. I've got a minute now if you do."

"Aha[" Ted responded gleefully. He pushed

himself away from the workstation and executed a

tight backward somersault that carried him upright

to Dick's side. It was the most common maneuver

aboard for egressing an overhead workstation,

though each man had his own peculiar style. This

time, Ted threw his right arm over his head, and

kept his left at his waist to initiate a twist in

midair to bring himself around 90 ° . He was the

only crewman who was small, slender and agile

enough to perform the motion in the cramped lab

module.

"I'm going to give a demonstration this

evening, but you get to see the dress rehearsal.

After all, you'll probably be deploying this

thing's big brother before long."

More perplexed than ever, Dick followed the

excited scientist back to his original position.

As Ted fitted himself into the workstation restra-

ints, Dick found the hand- and foot-holds for a

particlpant-observer.

"Now look at that, and tell me what you see,"

Ted challenged.

Before them on the workbench was a palr of

clamps set approximately 30 centimeters apart.

Between these there seemed to be nothing at all.

Dick moved his hand forward, exploringly.

"Uh-uh," Ted blocked the motion. "You might

cut yourself badly. Here, use tbls blade as your

probe."

Taking the scalpel between his fingers, Dick

gingerly brought it down between the clamps. It

stopped and refused to budge.

"What the...?"

"Go ahead. Try to push through."

To no avail, Dick pushed, braced and pushed

harder, and finally sawed away at the invisible

obstruction. When he inspected the scalpel

closely, it had become nicked and dulled along the

blade edge. Dick's puzzlement deepened.

"Now, look very closely," said Ted. He

switched off the ambient light and directed a

collimated beam across the opening between the

jaws of the clamps. "This will help." There

seemed to be a single strand of something finer

than a spider's web. Dick's Jaw dropped in aston-
ishment.

"I...I see it! How can a filament be so

strong, yet so thin?"

"It's a crystal. A single crystal. I grew

itI" Ted chattered exultantly. "You can only

grow it in zero-g. And I've tested this one to a

tensile strength of 200 kilos. You'd need a laser

to cut it."

"So this is what's costing your company a

quarter million a day[ Quite a show-stopper[

What do they plan to do with it?"

"We think...," Ted hesitated, as if about to

divulge a deep secret, "that this is the way to

make orbital tethers."

Dick whistled softly. "Of course. If we can

get filaments a few hundred kilometers long, we

can tether satellites, or space labs, induce grav-

ity on them by towing, maybe even run something

like a cable car back and forth .... "

"Exactly. It opens up a whole new, inexpens-

ive way of getting to higher-energy orbits, or of

having a bit of gravity without the old Coriolis

effect getting in the way. But right now I Just

like to look at it, even though I can't see it

very well["

"Congratulations, Ted," said Dick warmly,

offering his hand. "It's a great achievement, and

you deserve it."

"Oh, no...no," Ted demurred. "It wasn't just

me, and there's a lot of work left yet. But it is

a real success for our research program -- and --

I really wanted to see the look on that unflapp-

able astronaut's face of yours when you tried to
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cut itl"

"Well, save your next demo til I get back

from EVA, then we'll both get to watch Spiker try

it, okay?"

"Sure...oh, that's right, you're going out to

the Solus today, aren't you?" He was suddenly

solemn.

"Yeah. The OTV parked it on an aft sled.

Kurt and I are going to take a look, and see what

we can do."

"Has anyone ever tried this sort of repair
before?"

"No, but as you've just shown me there's a

first time for everything. Maybe this'll be my

day, too."

A half hour later, Dick was braced in the

airlock of the multiple berthing adapter, waiting

for it to cycle out the last of its precious,

manufactured atmosphere.

Behind him in this module were the central

control consoles, including the TMS (Teleoperator

Maneuvering System) and RMS (Remote Manipulator

System) stations where Kurt now waited. Next to

them was the suit storage and safe haven -- the

last chance for life should some catastrophe

befall the station. There, seven men could

huddle, breathe, and wait in a shielded cell up to

30 days for a rescue shuttle to arrive. Dick

hoped that the haven, like the emergency

instructions one reads in passenger aircraft,

would never really be necessary. But if it ever

was .... he was glad it was there.

Now he made a final, n'th recheck of his suit

systems before the indicator showed that a

near-vacuum had been reached in the chamber. He

wore the latest hard spacesuit, which had become

available only at the turn of the decade. It was

an advance desired by every astronaut since

Gemini. Before, suit pressure had to be about 5

psi less than cabin pressure, with oxygen-enriched

air to keep 02 partial pressure constant. To

avoid the bends, astronauts had to prebreathe for

2-3 hours in their suit, marking time in the

airlock, even to go EVA for Just a few minutes.

No one had figured out how to inflate a soft suit

to 14.7 psi and still maintain the manual

dexterity necessary for work in space. So it was

a real luxury to suit up, check yourself out, then

open the alrlock ....

The hatch swung away noiselessly.

It was pitch black outside. They were over

the Pacific Ocean at night. There was no moon-

light to provide relief on the roiling masses of

clouds he thought he could see far below.

He moved into the hatchway.

"TMS control, this is EVA flve-nlner-one. Do

you copy?"

"Roger, flve-nlner-one," came _urt's steady

response. "Loud and clear. Everything is go at

this end."

Dick leaned out through the hatch, pushed

away, then replaced his hands on the

Extravehicular Maneuvering Unit (EMU) support arms

that curved around him like a protective carapace.

Wearing it, a space worker could go anywhere and

do anything necessary in the station vicinity. It

had cryogenic thrusters and verniers, a toolpack,

cameras, and the most sophisticated navigation

system that could be fitted onto a man's back.

The latter worked with a Head Up Display (HUD)

that projected critical information onto the

inside surface of the spacesuit faceplate, in

response to spoken queries and commands.

Dick activated the system from a switch on

one of the EMU control arms.

"DISPLAY TARGET RANGE AND R_ATIVE VELOCITY,"

he commanded, after moving far enough away from

the airlock to sight the Solus resting on the OTV

sled.

From where he floated, the stricken satellite

looked like a golden peanut in the glow of the

sled's lamps. On the faceplate, in red phosphor,

appeared the data "321 m" and "-0.02 m/sec," which

Dick unquestioningly accepted as accurate. Ever

since the early Apollo docking attempts,

astronauts had grossly underestimated distances in

space when "eyeballing," mostly because of the

lack of customary terrestrial distance cues.

"COMPUTE INTERCEPT," came Dick's next com-

mand.

A set of reference lines and crosshairs

replaced the range and velocity information, which
were moved to the lower left corner of the visor

display. The navigational computer would adjust

the crosshairs to compensate for his relative

motion to the Solus. All he had to do was keep

the target satellite centered in his sights.

He fingered the thrusters and felt a brief

surge of forward motion. The range number began

falling and the velocity changed to +0.9 m/sec.

Soon he could see the satellite and sled slowly

growing before hls eyes. He fingered the

thrusters again, raising his velocity to +1.5

m/see. Ahead of him, he saw the humped, rounded

shape of the TMS move out from behind the Solus.

Kurt watched Dick on the TMS video display.

Although he was comfortably aboard the station, he

had adopted the convention of transferring his

psychological presence to the robotic device he

manipulated. Its cameras became his eyes, its

arms his arms. To Dick, Kurt knew, it was much

the same. Out there he would respond to the

teleoperator as if it were his friend and

colleague -- which, in a sense, was true.

Wlth a few deft shots of the gas jets, Dick

brought himself to a halt 10 meters from the

satellite. Its slx-meter height and two-meter
diameter dwarfed him.

"I'm moving around for a visual inspection."

At such close quarters, the incredibly

erosive effects of the space environment on the

satellite became apparent. Where gold loll had

once glistened brightly there was now only a dull

sheen. Orbiting at 16,000 km for eight years, the

Solus had resided within the Van Allen radiation

belts, and had been subjected to micrometeoroid

impacts, high-energy particles, cosmic radiation,

and impingement of free nuclei. All had taken

their toll.

"I don't see any hydrazine damage. You?"

"I'll check again." Kurt maneuvered the TMS

for at least the third time, zoom lenses spinning,

looking for something he might have missed during

the pre EVA inspections. "Still nothing. I'm

beginning to wonder if it wasn't a sensor failure

after all."

"Affirmative," Dick acknowledged. "Target

panel spotted. I'm moving in."

Gingerly, Dick moved to within an arm's

length of the panel he needed to remove. Before

he could get started, he had to attach support

clips to the exterior satellite panels. Then he

could steady himself like a mountain climber with

pitons, enabling him to drill, pry and remove

bolts without every tiny movement causing rotation
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or translationfromthe worksite. In free-fall,

Newton's First Law of Motion was a constant annoy-

ance to space workers.

He finished this Just as they crossed the

terminator to a sunlit Earth. To an unprepared

observer the scene would suddenly have exploded

into one of dazzling brilliance. But the solar-

sensitive glass on Dick's faceplate instantly

adjusted itself to maximum opacity. He also heard

the suit's extra cooling fans kick on, as the

external temperature began its rapid ascent. Fin-

ally secured on a portable T-bar foot restraint,

Dick examined the panel he had to remove. It was

secured by a tracing of posidrlve screws -- 54 of

them, to be exact.

"They really wanted this to stay on," he

groused to himself. "Wonder who they thought

would mess with it out here." He removed the

hardware-store battery-powered screwdriver that

had been adapted and space-certified a few years

before. It was one of the few tools that hadn't

been designed from scratch for space work. He

tried the device on the first screwhead, which

remained stubbornly stuck. The torque kept trying

to counterrotate him from his perch. "They must

have tightened these with a pneumatic driver."

The zoom lens on the TMS rotated, stopped.

"Looks like corrosion."

"Yeah." Dick bolstered the electric driver

and tried to remove the screw by hand, placing the

driver head in the largest-diameter handle

available. For several long moments he strained

in silence, but the bolt refused to budge. "Any

suggestions?"

"Get a bigger hammer."

Dick stared at the robotic entity that had

seemed to make the observation. "The TMS impact

driver?"

"Right. My problem is lack of fine control

and zero force feedback. I could punch holes in

the Solus. Something slips, you could be injured.

It's risky."

But Dick was already moving aside, reposi-

tioning his restraint attachments. His mind was

made up. "Come in slow. I'll guide you and posi-

tion the driver. It's worth a shot. We've got to

get this Job done."

"Affirmative."

The TMS inched forward on several wisps of

propulsive gas, then halted a meter from the sat-

ellite. One of the robot arms unfolded, extended,

and grasped a restraint attachment that Dick had

left for it. Dick reached out, looped a webbed

strap over a tool fixture on the other side of the

TMS and cinched it tight. Then he took the other

free TMS arm in his gloved hand, attached the

impact tool, and guided it carefully to the screw

head.

"OK. Inserted. Give it a Jolt of plus-

theta."

There was a dull thunk as mechanical Joints

strained and locked, the sound transmitted through

Dick's helmet where it touched the satellite. No

movement.

"Again." Dick's helmet had lost contact, but

as be watched the screwhead jerked noiselessly a

quarter-turn. "OK, back off. I think we've got

it." He reached past the TMS arm with his elec-

tric hand tool, made the connection, and squeezed

the trigger. The screw spun off easily, trapped

in the magnetic grasp of his driver. "One down,

53 to go."

For another complete orbit they labored

together, man and machine in new-found partnership

against a recalcitrant satellite that refused to

yield up its treasure without a fight. At last

the final screw was gone. Dick removed the panel

and inspected the internal circuitry.

"DISPLAY SECTION OOA-2," he called to his

HUD, which obediently retrieved the requested data
from an onboard databank and sent it to Dick's

display processor, which presented the information

diagrammatically on his visor.

Suddenly, a flashing red dot on the visor

caught his attention.

Kurt was there. "We read an alert on your

suit temp. How do you check?"

"That's affirmative," Dick acknowledged.

"DISPLAY T_4P." Immediately, 79.4°F appeared in

the upper left visual field. As he was about to

call for a secondary check, it changed to 80.6°F.

He realized his sweating had not been entire-

ly from his exertions. Be watched the display

Jump to 82.4°F. For some reason, his suit wasn't

dumping its thermal load as fast as it should. He

listened carefully for ignored background noises.

Ah, yes.

"One of my fans isn't up to speed. Sounds

low. If it dropped earlier while we were making

noise, I mlght've missed it."

"Can you stabilize?" The TMS edged forward,

eyeing him like a possessive mother hen. "37 min-

utes sunside remaining this orbit."

"I'm not sure. It's not critical yet. I on-

ly need another hour. Maybe less."

"Better come in."

"No. No, wait. Here's an idea. Can you

steady an SP?"

Kurt hesitated, then made his decision. "I

can try. Be right back." The TMS turned away and

Jetted to the far end of the TMS sled. It reached

out, opened a storage cover, and removed a solar

parasol -- a foll umbrella sometimes used to

shield sensitive instruments as they are removed

or fitted to observing platforms.

Dick's suit temperature went to 90.2OF. A

few more minutes and he'd have to abort -- a fail-

ure.

The TMS returned from a different angle,

positioning itself between the EVA astronaut and

the sun. "Okay, Dick. It's up to you to open

it."

The mechanical arm gingerly extended forward.

Dick took the package, fumbling clumsily with its

latches. When a TMS was built with as much

dexterity as a human hand, he wondered, would

humans even need to go EVA again?

He got it open and handed it back. The TMS

jets spurted once, then again. The parasol

unfurled smoothly. Kurt maneuvered the TMS again.

In a few moments, Dick was in artificial shadow,

his suit and worksite mostly shaded. His

temperature indicator topped at 94.2°F.

He got back to work.

About an hour and a half later, Dick found

himself propped in front of the sult-room

ventilator fan, drinking deep droughts of cool

breeze and idly watching globules of sweat swirl

around him. He basked in the sweet exhaustion of

success, but still felt llke a llmp dish rag. The

lack of convection in weightlessness caused the

heat to hang around him like a suffocating shroud,

even out of his suit. He began planning the two

hours it would take him to clean out his suit and

prepare the fault diagnosis on his errant fan.

For the latter, he'd call up an expert system pro-

grammed on station computers. By giving him the
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most efficient testing sequence and extracting

every bit of diagnostivlty from test results, the

program would save him hours of time on the

turnaround.

Within the normal hums, whines, whooshes,

clicks, clanks, thermal crackles, and voices of

station activity, he thought he heard a whistle.

Kurt's head, canted at a cockeyed angle, Jutted

around the open hatchway.

"Hey, hotshot, don't get too comfortable.

We've got our mandatory '90s on the exercycles to-

nightl"

"That was nice work out there today."

In the after-dinner ward, Dick looked up from

his microfiche tech manual into the soft eyes of

Dr. Conrad Daume, their onboard medical and psych

officer.

"May I Join you?" he asked, webbing his lean

slx-foot frame into the place indicated by Dick's

nod. "I mean it," he continued. "The two of you

showed real ingenuity and teamwork."

"All in a day's work," said Dick, noncommitt-

ally.

"One thing I've wondered about is why you

didn't come in when your suit started overheating?

I mean, if it had shut down completely .... "

"I don't know. It Just didn't seem all that

critical to me at the time. You know, we have a

lot of heat stress drills and suit emergency

simulations. I never felt I couldn't get back if

I had to."

The doctor smiled. "I was flight surgeon

with NASA ten years ago. Back then, if an astro-

naut hiccuped we yanked him, fast. We'd send a

few million bucks' worth of mission performance

down the drain if we even smelled a malfunction in

an ECLS."

"Sure, but that was a hell of a way to run a

m_sslon, wasn't it?"

"Maybe. But we never lost anyone, either.

Not anyone, not ever, on space operations. We've

all become so ... certain ... of our technology.

Often I wonder if sometimes we don't push that

trust a little too far."

"You mean me, today?"

Conrad smiled reassuringly. It was well-

known that in the old days, flight surgeons

grounded pilots, hence were natural adversaries.

Even on the station, physicians still had the duty

to seek physical or medical reasons for grounding

someone -- except that a tour of station duty was

rarely interrupted unless something really serious

came up.

"What I'm trying to say is that before, when

NASA was in the business of discovering space

teehnology, we could afford to be very cautious.

The attempt alone Justified the cost. Now, NASA

is more in the business of making space technology

available and profitable, and it's results that

justify the cost. It is no longer enough Just to

learn, or to push the human frontier, because now

there's a cost/benefit ratio to all we do."

"So I'm willing," Dick picked up the impli-

cation, "to push myself as far as I can, because I

know that somewhere, if I don't, someone tallies

up another dollar as a reason why humans shouldn't

be in space." It was both an admission and a

question.

"And once you, or I, or anyone else thinks of

it that way, we're inevitably on the economic

treadmill, looking for corners to cut, more

efficiency, higher net output."

"Doc, it sounds like you feel we're here for

some other reason than to get the Job done."

Conrad smiled again. "Guess I'm a bit of a

romantic." He unsnapped the restraints to leave,

gliding around the spur, his ranginess somehow

compacting by the weightless motion.

Dick's eyes followed Conrad out the hatchway,

then spotted someone waving to him from a

webbed-ln position hlgb on the exterior bulkhead.

It was Doug Wu, their onboard computer scientist.

Doug gestured again, more insistently. Dick

glided over, harnessing himself in as indicated.

Doug handed him a pair of earphones connected to a

lapboard-mounted keyboard synthesizer.

"Ah, Dick. Knowing your love of classical

music, I thought you might want to share this with

me. After 59 days of practicing, I'm finally

ready."

Dick grinned, put on the earphones and settl-

ed in. Doug was an accomplished classical pian-

ist, but his favorite instrument was too massive

to bring along. So he patched together a keyboard

synthesizer system. As Doug began to play, Dick

recognized the work as a Chopin Nocturne -- a

particularly difficult piece that the pianist had

been practicing almost from the day they arrived.

Soon both were caught up in the intricately

patterned beauty of the piece. As Dick closed his

eyes, the last thing he saw was Doug's foot

pumping reflexively against the pedals of the

piano that wasn't there.

Finally, it ended, the synthesizer holding

the last chord as if reluctant to give up the won-

der it had created.

"Incredible."

Doug was lost in his own reverie. "That's

the first time I've ever been able to play it in

its entirety. Now I've really accomplished some-

thing up here."

It was dark in the pod, with only the lumine-

scent patches of control keys, knobs and handles

giving outline to the chamber. Dick's thermal

blanket pressed him gently into the bed. His

hands were folded behind his head as he gazed at

the dying amber phosphors of his overhead screen.

He'd tried, but was unable, to finish the

daily electronic letter to his wife be usually

sent.

"Today," he had written, "I was fortunate to

witness two triumphs. One of these was scien-

tific, one artistic. One was objective, the other

personal. One will help create the future, the

other fills a timeless present. But both of my

crewmates felt fulfilled by what they did. As for

myself, I spent the better part of six hours on

EVA at a satellite, removing and replacing 54

screws and a couple of circuit boards, almost

baking myself in the process..." Be had erased

that last part, then found he could not go on.

What was he trying to tell her? Certainly

his work had gone as well as any other's. The

satellite would be reboosted way ahead of sched-

ule, a corporation could turn on its computers

again, and a lobbyist would sit down to lunch

somewhere with a congressman and describe how a

man in a spacesuit had made it all possible and,

by the way, about that next appropriations

bill ....

Then he saw it.

Ted and Deug had Judged their work for the

act itself. Basic research was like that, as was

artistic accomplishment. It could stand alone,

and often did. But he had Judged his achievement

in terms of all the external economic criteria
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that had been applied to the space program as a

whole. There was no way you could do that without

wanting to make the performance a little higher,

the cost a little less.

But from another perspective, his had been a

virtuoso performance of equal magnitude. What was

he doing on the station, after all, but giving

hope to the folks back earthside? A chance for

mankind, a chance for his kids, and for untold

billions yet unborn, to dream of a more exciting

tomorrow. The station sent down crystals, bio-

tics, alloys, land (and space) data. It got the

Job done and, to paraphase the official motto, it

delivered. But there was more, much more. The

dreams of humanity flowed upward and outward

through the human presence on the station.

Through his presence. By saving the satell-

ite, he became the bearer of the collective vision

of humanity. His achievement too could stand

alone.

He flicked on the screen to finish his letter

home.
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APPENDIX 7B

DESIGN CONCEPTS AND DESIRABLE STATION FEATURES

Contributions by
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The fictional scenario in Appendix 7A (and

others, unpublished) was constructed to more clos-

ely examine the details of daily work and llfe a-

board America's first-generation space station.

This process uncovered a number of design concepts

and desirable station features which may be valua-

ble for NASA to consider during formal space stat-

ion planning. These ideas are summarized briefly

below (not in order of importance or preference).

7B.I Integrated Text-Haz_llngsu_ Cc--.untoatlon

3yst_

All report-writing and log-keeping activities

could be greatly enhanced by computer-supported

word processing. This would help to organize on-

board recordkeeplng activities, make available a

continuously updated database for interested part-

ies, and eliminate paper proliferation. Diary-

keeping helps reduce psychological withdrawal and

interpersonal tensions in isolated groups by prov-

iding a cathartic outlet (Connors et AIA, 1984).

Electronic storage of diaries may provide a future

database for studying crew mood changes, although

the right to privacy would be s major issue.

Electronic mail (including store-and-forward

schemes) gives an alternative to face-to-face com-

munication within the crew. Some messages might

be depersonalized or even sent anonymously. Rout-

ine Earth/station communication (including family

mail) could also be exchanged in this way. Indiv-

iduals could read and send their own mail accord-

ing to their personal schedule.

Electronic voice and video links could be us-

ed to transmit immediate information between EVA

astronauts and the station or between station and

ground. These more expensive links could be res-

erved for instances when immediate feedback is

needed or when visual detail is essential. Pers-

onal (one-to-one) audio links not tied into the

regular network should also be provided to crewme-

mbers for private conversations.

7B.2 Personal West

The need for individual territory has been

stressed by Bluth (1981) and Connors et al. (1984)

for psychological well being. This would be a pl-

ace to retreat to for reading, relaxation or medi-

tation and could double as a sleeping place. Per-

sonal items brought from home and hobby activities

can reinforce a sense of personal identity. It

may be satisfying Just to have a window that each

crewmember can call his own (Richard Carlisle,

personal communication, 1983).

7B.3 Instructiorml/Planntng Center

For long-term missions, a method for onboard

learning (as opposed to ground-based training) is

needed. This might include the use of computer-

aided instruction and even a computer-aided design

station for problem-solving.

713.4 Multiple Toilet Faeilitles

The first-generation station needs more than

one toilet for a crew of 6-8 persons. With one

toilet, there will inevitably be a waiting line to

use it immediately after wakeup, especially with a

single-shift operation. This delay will be longer

than that experienced by a comparable number of

bunkmates on Earth, because it seems to take prop-

ortionally longer to use zero-g facilities.

Also, there will be a loss of privacy as lin-

es form, along with the increased sense of frustr-

ation at having to wait to perform such a simple

biological act. As a general rule, for any group

to ftunctlon at a high level of purposefulness,

they must not be distracted by constant low-level

(prlorlty-breaklng) intrusions on their autonomous

activities. Such intrusions generally induce an

exaggerated negative reaction far in excess of the

actual physical inconvenience. The minimum for a

6-8 person crew is one toilet and one urinal that

can be used independently and privately.
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Another innovation is the EVA comfort module

-- a box with a basic airlock, minimal life supp-

ort, and a simple zero-g toilet. For lengthy EVA

or construction projects a great distance from the

station, the one-man comfort module could save ti-

me and could double as an emergency refuge or oxy-

gen cache as required.

7B.5 Plants and Pets

The introduction of plants and pets needs to

be considered even for the first-generatlon stat-

ion. The main reasons are twofold -- Maruyama's

"unprogrammed complexity" and the power of depend-

ent living things to elicit care and nurturant be-

havior from humans.

Unprogrammed complexity refers to those aspe-

cts of settings that are not under predictable ex-

ternal control. The habitable volume of a space

station has virtually no such elements, aside from

the crewmembers themselves. Yet people seem to

need such events or things in their daily lives as

temporary points of unplanned attention and inter-

action. Because the behavior of plants and pets

is somewhat unpredictable, they are sources of

such complexity and provide opportunities for a

healthy exchange between crewmembers and their ha-

bitable world that would otherwise be unavailable.

Apparent vulnerability and the need for care

by another being elicits nurturance in a way that

brings people out of private psychological shells.

This is known as the power of dependency. Numer-

ous studies with prisoners, psychiatric patients,

and nursing home residents show similar patterns

extending across a wide range of species (humans,

dogs, cats, birds, fish, even plants). The criti-

cal factor is the projection of one's feelings on-

to the living thing and then interpreting the ent-

ity's resultant behavior in a somewhat anthropomo-

rphic or self-Justifylng manner. The results are

strikingly consistent, leading to the speculation

that pets or plants might be useful in deterring

personal withdrawal syndromes that frequently pla-

gue isolated work groups.

713.6 Food Preparation

Studies of extended missions at sea (surface

ships and submarines) or in cold climates show the

exceptional importance that food plays in preserv-

ing morale. Proper attention to this factor can

substantially improve space station habitability.

Unlike Skylab and the shuttle, there should be a

high degree of freedom of choice in menus, amounts

of food, and times at which food is available.

There should be a great deal of menu substitutabi-

lity in pre-prepared foods, as well as a large nu-

mber and variety of unprepared foods that the crew

may utilize in different ways. Gourmet cooking

should be enabled and encouraged. For those who

enjoy it, cooking is a leisure time activity and a

means of fostering socialization and reciprocal

exchange. Eating then becomes a social, not just

biological, event. This also has implications for

galley layout -- it should be possible for two or

more people to cooperatively prepare a meal.

The "Zero-G Salt Shaker" is an old but still

interesting problem. Conventional shakers won't

work because of the "Jack-in-the-Box" effect (salt

grains are in constant motion due to small distur-

bances and tend to escape through holes in the

cap). Corrosion caused by free-floating salt gr-

alns could play havoc with electrical devices and

become a painful eye irritant. One possible solu-

tion is to keep salt in stick form, grinding it

into fine particles on demand and then moving the

particles electrostatically. In operation, one

would move the shaker's snout close to moist food,

press the button, and see a small burst of salt

deposited onto the food.

7B.7 Unassigned Stowage Space

Stowage was a major problem on Skylab. One

crew put things where the next crew could not find

them, and the design of the lockers themselves in-

duced a pernicious breakaway effect when the doors

were opened. Another problem for stowage in a

long-duration space station is the likelihood that

the crew will introduce new stowage parts and cat-

egories by the occasional cannibalization of on-

board machinery, refuse, and spares. The need to

stow extra bits and leftover pieces, and to recat-

egorize as changing conditions warrant, will grOw

considerably as personnel make ad hoe repairs and

alterations to equipment. The stowage and invent-

ory system must be able to accept all such changes

which produce new parts and new categories of nom-

enclature.

7B.8 Recreation Slmee

A recreation space for large-musculature act-

ivity is a critical component of the space stat-

ion. Participation in noncompetitive games can

relieve the continuous pressures of confinement

without arousing aggression and violence (which

has been observed in competitive sports games amo-

ng isolated groups). This recreation space can be

a large zero-g environment that promotes free-fall

games or acrobatics. Geodesic spheres or hemisph-

eres enclose maximum space for minimum weight pen-

alty. There should be a shirtsleeve environment

inside the space, perhaps physically separate from

the station but accessible through an umbilical

tether. Several science fiction authors have wri-

tten of the potential for new gymnastic and dance

forms in zero-g.

7B.9 Repair Shop and Work Bench

A small, shared repair shop is suggested:

(I) To provide the onboard flexibility of a repair

shop to accommodate small-scale design changes and

to fabricate, construct, dismantle, and repair

tools, parts, components, and new items for use on

the space station; and (2) to provide a recrea-

tional area for those among the crew who have hob-

bies requiring such a facility.

The work bench should have a surface area of

at least I-2 square meters and a volume of at lea-

st I cubic meter for tools, a variety of raw mate-

rials, and instrument storage. The repair shop

should include Jigs, tools and machines capable of

hammering, screwing, torquing, cutting, sawing,

drilling, soldering, welding, grinding, weighing,

casting, lathing, punching, riveting, fastening,

filing, and reaming. Storage should be densely

packed, and all supplies retrievable by bar code.

Particle and vapor removal should be provided in

the work area to preserve environmental quality.
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7B. 10 Clean Laboratory and Controlled Laboratory

Environments

A sealed, ultraclean laboratory should be pr-

ovided for environmental science experiments. All

surfaces should be free of terrestrial particulat-

es. Requirements include lab benches (25 square

meters), fume hoods, ultrapure water supply (e.g.,

several water distillation units in tandem with

delonlzlng columns), and air processing (closed

loop, using several processing units combining pa-

ssive filters, electrostatic and chemical precipl-

tators). For environmental science, positive pre-

ssure over ambient is necessary; for some llfe

science experiments (e.g., genetic engineering,

viral research), a negative pressure with respect

to ambient is needed to provide a fail-operatlon-

al/fail_operational/fail-operatlonal/fail-safe mo-

de. A plug-ln Portable Automated Laboratory (PAL)

assistant could monitor experiments or processes

in racks, turn systems on or off, and communicate

with space workers and with station computer syst-

ems. The laboratory module should be attached to

the station using a separator/Jettison mechanism

for use in the event of health- or llfe-endanger-

ing emergencies.

7B.11 Ombilical Tether Tube

An umbilical tether tube would be an access

corridor for human traffic between the base stat-

ion and an external facility such as a recreation

space. The tube would be highly elastic and mod-

eled after high-rlse fire escape tubes now commer-

cially available. Internal tube skin is surround-

ed by a ooll of spring steel to provide structural

support and prevent unplanned collapse. However,
the tube should be collapsible or extensible to a-

ccommodate the position of the two endpoints which

will have a slight relative motion.

7B. 12 Generic 0peratlorml Modes

There is some concern that boosting events

may occur during EVA (possibly jeopardizing crew

safety) or while acceleration-sensitive experi-

ments are being conducted. This concern is a ser-

ious one to the extent that (I) station boosting

by occasional firing of high impulse or long-dura-

tion low-impulse rockets is frequently required to
neutralize the effects of atmospheric drag; (2)

EVA may last six hours and may occur often (up to

six days per week); and (3) some laboratory expe-

riments may require a micro-gravity, micro-accel-

eration environment. These considerations suggest

that a number of "generic operational modes"

should be defined and planned during station oper-

ations. Example modes might be Normal, Boosting,

EVA, Special Experimentation, Power Down, a_d Pow-

er Switching. The coordination of events and op-

erational modes must be integrated into the daily

activity schedule and coordinated with the opera-

tional control computers.

7B.13 Bar, Steakhouse, and Ice Cream Parlor

On the premise that station personnel will

reside in orbit for extended periods of time (e.g.

180 days), astronauts will have off-hours time for

personal and social activities. With discretion-

ary time available, the station environment should

have facilities commonly considered privileged or

special. The suggestion of a "steakhouse" or "ice

cream parlor" is motivated by the experience with

similar facilities granted to North Slope and

offshore oil platform employees. Satisfaction of

employee needs minimizes development of negative

social interactions. More controversial is a

minimal "bar," requiring some graceful limits to

the rate of alcohol distribution so that alertness

and performance are maintained without destroying

the crew's sense of personal autonomy.

7B. 14 Spac_ Stewedor Technology

Space stevedoring is defined as the process

of unloading and reloading a shuttle, by direct

analogy to ships. Several questions need to be

explored. First, what is the best way to establ-

ish temporary warehousing (a time-tested procedu-

re) at the dock? (The idea is to warehouse incom-

ing cargo for eventual distribution and to collect

cargo for shipment to Earth.) How should cargo be

organized and located in the warehouse? Cargo at-

tributes must be tracked and recorded, requiring

usable manifests and inventory adjustment knowled-

ge. Another problem is physical manipulation of

cargo, involving human, mechanical, and computa-

tional tasks as well as specialized cargo-handling

tools.

7B.15 Sweat Lodge: An gffieent Way to Recycle

Potable Water

The sweat lodge is a possible replacement for

the space station showers. The lodge conserves

water and energy, and sweat can be reclaimed as

drinking water. At present, about 5 kg H20/day/

person are allocated for shower purposes. Clean-

ing action in the humid lodge is from the inside

out, much like a sauna; water is secreted by the

skin, vaporizes and is removed by vacuum collect-

ion. The sweat lodge concept is borrowed directly

from the American Indian. It would consolidate

groups and their interactions, since several peo-

ple can be accommodated at one time.

7B. 16 Laundry

The goal is to produce clean clothing for re-

asons of personal health and social hygiene. Gar-

ments should smell fresh and be appealing after

treatment. Laundry must be processed with low-wa-

ter and low-power consumption; cleaning products

must be nonflammable and nontoxic; laundry mach-

ines plus cleaning products should occupy minimum

storage space and be lightweight; and the entire

process should be highly automated, requiring min-

Imum human monitoring.

Possible laundry forms include (I) disposable

paper clothing (large space requirements to store

disposables for long flights); (2) ultrasound

cleaning, as is used to clean jewelry and which

appears applicable to soft surfaces (minimal wat-

er, hence space/weight, requirements); (3) spray

foam (minimal water consumption, but foam must be

contained within cleaning unit and must dry before

powder can be vacuumed off); (4) conventional soap

and water in washlng-machine-like process (high

water usage, dryer required); and (5) dry cleaning

methods (flammable and toxic chemicals may be re-

quired).
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7B. 17 Orbital Trauma Faelllty

The principal goal is to provide prompt int-

ervention as required in trauma cases, in a manner

which maximizes the long-term probability of full

recovery for the afflicted crewmember while simul-

taneously minimizing disruption to ongoing space

station operations and the cost per traumatic epi-

sode. There are three types of trauma which the

facillty must be prepared to accommodate -- medic-

al, surgical, and psychological.

Medical problems may be acute or chronic.

Most acute medical problems should be treatable

with drugs. For instance, acute streptococcus in-

fections can be fought wlth antibiotics. Some ch-

ronic medical conditions (such as diabetes) could

also be treated onboard, but it is expected that

astronauts with more difficult chronic ailments

will be weeded out during the crew selection proc-

ess and not be allowed to fly long-duration miss-

ions.

Surgical problems may be elective or acute.

In either case, the space station should be equip-

ped with a sophisticated operating theater which

can be isolated to malntain sterile conditions.

Most routine surgical procedures could be perform-

ed on board, including many non-elective operati-

ons. Those procedures requiring multiple special-

ists or highly specialized equipment are impracti-

cal for onboard delivery in the first-generation

station.

Psychologlcal-emotional trauma can be managed

in the short run with psychoactive drugs. A well-

stocked pharmacy could probably handle a wide ran-

ge of such problems until the next scheduled shut-

tle arrives. Consideration should be given to the

need for physical restraint for individuals who

constitute a danger to themselves or others.

One final possibility is an EVA medical refu-

ge. Injured personnel, or those with serious llfe

support malfunctions, enter the refuge through an

entry hatch. Sealing the hatch from within autom-

atically inflates the bubble and sets off visual

and radio beacons. The bubble is then towed back

to the station by OTV or (more slowly and from a

shorter distance) by MMU-equipped EVA crewmembers.

7B. 18 Space Sult _mintenanee: Automated Valet

SerTioe

After EVA astronauts should have available to

them a system for automatic spacesuit refurbish-

ment. The system should automatically drain accu-

mulated moisture (e.g., urine, perspiration, spil-

led drinking fluids), deodorize the moisture coll-

ector, and sanitize the suit. Test equipment

should verify electronic, mechanical, and communi-

cations systems functioning, followed by an airti-

ghtness test to check joint and seal integrity and

to detect gas/fluid leakage. The goal is to re-

duce turnaround time from the current 60-72 hours

to 15 minutes by largely automating suit checkout.

One proviso: Minimizing cleaning/maintenance time

should not take precedence over minimizing pro-

breathing time in suit design -- on the station, a

fast start is more important than a fast cleanup

afterwards.

7B. 19 ,Safe Haven and Emergency Escape Vehlcle

The safe haven would be a compact habitation

cell, attached to the central base station spine

and equipped with basic life support equipment.

There, perhaps eight astronauts could survive for

up to 30 days while waiting for a rescue shuttle,

should some catastrophe disable the main space

station.

A somewhat more advanced concept is the emer-

gency escape vehicle, which could provide a safe

re-entry to the Earth's atmosphere. The self-pro-

pelled craft must be easily and quickly launched,

be accessible from the safe haven, and must be

capable of floating in case of a water landing.

It should be easily maintained, have low space

storage and weight requirements, and should carry

24-hour provisions for up to 8 crewmembers. Ulti-

mately it might evolve into either a slightly lar-

ger vehicle or into multiple liferafts as crew

size grows in the early 21st century.

7B.20 Video Space Bike for Exercise and

Recreation

A regular program of physical exertion is be-

lieved necessary to preserve muscle tone and to

limit calcium loss and other negative physiologic-

al effects of zero-g. In previous long-duration

missions, astronauts have ridden a stationary ex-

ercise bicycle (e.g., Skylab). However, a commer-

cial system now exists in which the rider faces a

large color video screen upon which natural, road-

way, or track scenes are projected. The scene

moves across the screen at varying speeds depend-

ing on the monitored pedalling pace. Another com-

mercial exercise system is linked to a video arca-

de game such that the faster the rider pedals, the

faster his video space fighter can fly or the more

shots it can fire per second. A similar system

developed expressly for the space station (using

terrestrial or space-oriented themes), in consult-

ation with experienced present-day astronauts,

could be of enormous benefit.

7B.21 Electronic Catalog Shopping

To help decrease the psychological distance

from Earth which astronauts on long-term station

assignments might feel, some means of electronic

catalog shopping from orbit should be made avail-

able. These facilities would permit astronauts to

tap into ground-based telemarketing networks and

order holiday and birthday gifts for spouses, rel-

atives, and friends. Astronauts could then serve

relatively long tours of duty aboard the station

and not completely lose touch with important pers-

onal, holiday, and special events in the "outside"

world.
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APPENDIX 7C

SPACE PLATFORM: THE UNMANNED ALTERNATIVE

Contributed by

T.J. Sheskin

A permanently manned space station is s nat-

ional investment in scientific leadership and eco-

nomlc strength. To support this investment, enor-

mous capital expenditures and operating subsidies

will be required. A significant component of

these expenses is the high cost of maintaining a

habitable environment in orbit. Before the commi-

tment is made to build a manned space station, an-

ticipated missions should be analyzed to determine

the extent to which each requires a continuous hu-

man presence. If most missions can be performed

adequately with only a temporary h_man presence,

then in theory an unmanned space platform support-

ed by the shuttle might provide a sufficient al-

ternative initial capability in space.

This appendix briefly analyzes planned space

station missions to determine whether they can be

performed by an unmanned space platform utilizing

a high degree of telepresence controlled from

Earth and supported by shuttle astronauts making

bimonthly visits of 20 days each. The platform

represents a basic configuration against which

manned station performance and costs may be comp-

ared.

7C.I gdlrantages of An Onmanned Platform

An unmanned space platform may provide great-

er personal and political safety than a manned

space station. The crew of a space station has no

immediate escape capability as in Apollo or Skylab

(MDAC, 1982b), and the death of an American crew-

man in space would be a major setback. A space

platform does not incur the enormous costs necess-

ary to maintain habitability in orbit, as neither

environmental control nor life support systems are

needed. A simple space platform represents a con-

servative first step towards achieving a permanent

presence in space, and could make use of low-cost,

largely off-the-shelf technology from the shuttle

and Spacelab programs (MDAC, 1980; TRW, 1981; Pri-

est, 1981).

Both platform and station would be large,

flexible structures (MDAC, 1980) experiencing un-

known thermal and dynamic stresses. Dynamic dist-

urbances, induced by rotating Joints, antenna mov-

ements, and solar panel rotations may affect expe-

riments and payload pointing. The precise effects

of these stresses on large, flexible space struct-

ures are unknown, as such structures cannot be ac-

curately scaled down for neutral buoyancy simula-

tion on Earth (Jean Mayers, Stanford University,

personal communication, August 1983). Unknown

stresses can be more readily compensated on an un-

manned platform than on the first module of a man-

ned space station.

Major scientific missions in space will incl-

ude astrophysics, solar astronomy, space physics,

and planetary and Earth observations (Martin Mari-

etta, 1983). These missions require high pointing

accuracy and stability, and none can tolerate con-

tamination. They must be implemented on space

platforms removed from man. A recent Stanford Un-

iversity engineering project proposed a flotilla

of co-orbitlng, unmanned platforms dedicated to

scientific missions (Lerman, 1983).

7C.I.1 Operations

An initial, coordinating platform can accomm-

odate several payload experiments, each completely

occupying at least one Spacelab-type pallet. The

platform will have at least three berthing ports

for payloads and an additional port for the

shuttle. The initial platform with its supporting

equipment would be fully operational after one

launch by the shuttle. Deployment in orbit, final

assembly, and checkout is performed by the shuttle

crew using EVA and assisted by the Remote Manipul-

ator System. Experiment pallets are attached dur-

ing subsequent shuttle visits (MDAC, 1980; TRW,

1981; Priest, 1981; Lerman, 1983).

The initial platform evolves as the nucleus

of a growing system with enhanced capabilities. A

family of platforms and free flyers maintained in

the same orbit would be developed for dedicated or

multidlscipllnary missions. Other platforms would

be deployed in different orbits. The initial

platform is modular in design; the addition of

extendable arms increases the number of experiment

pallets which can be docked, provides a greater

payload separation for improved viewing, and all-

ows the accommodation of large facility payloads.

In a free flying mode the platform is tended

by the shuttle which makes 7-day visits at 6-month

intervals to exchange experiment pallets, resupply
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the platform, and to perform routine servicing.

The platform could also operate in sortie mode in

which the shuttle remains berthed to the platform.

In sortie mode the platform supplies electrical

power, heat dissipation, attitude control, and

other services to the shuttle. Shuttle crewmen

could conduct life science and materials process-

ing experiments. The duration of sortie mode

would be limited by the supply of consumables

needed to sustain the shuttle life support system

(TRW, 1981). In the following analysis it is ass-

umed that the unmanned platform is supported by

the shuttle in a sortie mode at 2-month intervals

with a 20-day sortie duration (the maximum value

specified in contractor reports).

7C.I.2 System Description

The initial space platform will have a launch

weight of over 40,000 lbs (MDAC, 1982a,b; TRW,

1981; Priest, 1981) and will be deployed in LEO at

an orbital inclination of 28.5 °. A design life-

time of at least 5 years can be extended by on-

orbit servicing. The platform will be constructed

as a graphite/epoxy space frame because of concen-

trated design loads and to ensure ready access and

simplicity of fabrication (Lerman, 1983).

The platform provides all payloads with elec-

trical power, attitude control and pointing, heat

dissipation, communications and high data rate te-

lemetry to the ground through the Tracking and Da-

ta Relay Satellite System (TDRSS). The forward

section contains solar arrays and a reboost module

to compensate for orbit decay. The arrays provide

nominal power of at least 12 kW. An upgraded pla-

tform to accommodate six or more payload elements

should generate at least 25 kW of electrical pow-
er.

The central section contains most of the el-

ectrical, thermal, attitude control, communicat-

ions, and data handling subsystems (Priest, 1981).

These modular subsystems can be replaced in orbit,

thus minimizing reconfiguration, integration, and

testing costs. The thermal control subsystem uti-

lizes freon-pumped coolant loop components devel-

oped for the shuttle. A thermal control radiator

consists of flat panels which are deployable and

retractable. The communications subsystem provid-

es for platform and payload control from the

ground. Both S-band (1.55-5.2 GHz) and Ku-band

(15.35-17.25 GHz) subsystems should be compatible

witn the TDRSS (Martin, 1978). The S-band subsys-

tem will also be compatible wlth the Ground Space

Tracking and Data Network and with the Orbiter

Payload Interrogator. High gain antennas will be

mounted on a deployable mast, each utilizing a

fixed dish with an electronics package.

7C.I.3 Teleoperation Under Ground Control

To an even greater extent than the space sta-

tion, an unmanned platform requires automation.

The ability of a platform to perform its missions

is a function of the degree to which its operat-

ions are automated. The same technologies needed

to automate a space station, namely telepresence

(TP), robotics, and artificial intelligence (AI),

are necessary to automate an unmanned platform.

As in the case of the station, a platform will be

largely autonomous from Earth in terms of orbit

maintenance, attitude control, and payload support

services. However, in contrast to the station,

payload elements on an unmanned platform must be

under direct, real-time observation and control by

people on the ground. TP is the key technology to

enable ground personnel to replace astronauts, al-

though this technology may be augmented by shuttle

sortie astronauts on EVA who help perform non-rou-

tine operations controlled from the shuttle.

In 1991, the earliest projected launch date

for either a space station or a space platform,

neither robotics nor AI will be sufficiently adv-

anced to be used in orbit (Akin et al., 1983).

These are long-term technologies which will contr-

ibute to space operations only after 1995. Begin-

ning in 1991, however, TP can enable ground pers-

onnel to monitor all platform operations and to

control many of them. As TP and higher-level aut-

omation technologies become more advanced, a

greater number of operations can be controlled

from the ground and the frequency and duration of

shuttle sorties can be reduced. The major limita-

tions of TP (Akin et al., 1983) in this applicat-

ion are as follows.

First, a very high bandwidth downlink is req-

uired to transmit stereo vision signals from the

worksite to the operator. The Tracking and Data

Relay Satellite System (TDRSS) would have to use a

time domain-multiple access (TDMA) system to allow

the TP sensors at the worksite to transmit high-

speed data bursts using the entire available comm-

unications llnk bandwidth (Martin, 1978). If the

bandwidth transmitted by the TDRSS using TDMA is

too small to accommodate the TP system, then a

pair of dedicated communications satellites with

higher frequency transponders could be deployed to

control the space platform from the ground. Poss-

ibly by 1991 a Ks-band (20-30GNz) communications

llnk, currently being developed using the Advanced

Communications Technology Satellite, will be avai-

lable (Martin Marietta, 1983).

Second, real-time control signals passing be-

tween Earth and a TP unit on a platform through

TDRSS experience a 0.5-1.0 second time delay in

each direction, degrading system performance. The

operator cannot see the immediate consequences of

his actions or receive prompt force feedback.

Techniques of force control are being developed to

eliminate the need for immediate force feedback,

but compensating for visual feedback delay is a

more difficult problem. A network of clrcum-equa-

torial ground control stations for communication

with the space platform is impractical because the

platform would be in the llne of sight of a single

Earth station for at most 15 minutes. More llke-

ly, operators will adopt a move-and-walt strategy

in which each move is prefaced by an analysis of

the consequences of the last move (Johnsen and

Corliss, 1971). On a space platform few emergency

situations will arise requiring a human response

in less than 0.5 second (Klaus Bieman, MIT, pers-

onal communication, August 1983). When such a

rare emergency situation does arise -- for examp-

le, during a materials processing experiment --

the experiment can be aborted by the TP ground op-

erator. Under emergency conditions a human in

space will always be under greater stress than a

ground operator, who enjoys the advantages of per-

sonal safety and the presence of additional exp-

erts at his control site. The expense of perman-

ently maintaining humans in orbit may far exceed

the potential value of the rare experiment that is

accidently destroyed.

Improved manipulator arms and grippers must

be developed to endow TP units with sufficient

dexterity to function effectively in a materials
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processing laboratory in space. Improved force/

torque sensors will enable operators to more eff-

ectively monitor the loads applied by manipulator

end-effectors. After 1995 more advanced TP may be

available with enhanced dexterity and supervisory

control, reducing the impact of the time delay

problem by enabling a TP unit to execute a sequen-

ce of programmed operations semi-autonomously (Pi-

vlrotto, 1983; Akin et al., 1983).

7C.2. Mission Capabilities of an U_anned
Platform

Mission capabilities for an unmanned platform

and a space station compare favorably in the areas

of materials processing, communications satellit-

es, life sciences, astronomy, and Earth observat-

ions. This provides a basis for a comparative an-

alysis of costs and benefits.

7C.2.1 Materials Processing in Space (MPS)

Of all the missions planned for a space stat-

ion, materials processing is the most critical in

terms of future commercial participation. Corpor-

ations are reluctant to invest in an MPS laborat-

ory unless they are assured that a human operator

will be available at acceptable cost. A human

presence in an MPS laboratory is very helpful in

the near-term (Martin Marietta, 1983). People can

act both as monitor and as controller of experim-

ents, servicing and resupplying the facilities and

adjusting the equipment to accommodate new proces-

sing sequences. Humans can intervene in response

to unanticipated problems, and can change proced-

ures when necessary. The presence of an astronaut

will minimize the time needed to conduct experi-

mental research, but the human worker also must

take care to avoid contaminating his subject mate-

rials or disturbing delicate materials processing

experiments by vibration or shock.
Some of the tasks in an MPS laboratory could

be accomplished by automation and telepresence.

However, in the near-term many desirable experi-

ments could not be performed in this manner.

Those tasks which could be performed by automation

and telepresence would take more time to complete

than if they had been performed by a human crew-me-
mber. In the near-term an MPS laboratory relying

solely on automation and telepresence will have

less capability than one using a human operator.

Consider an MPS laboratory which does not re-

ly solely on TP controlled from the ground. This

laboratory cannot be operated at full capability

without a human operator. However, the human need

not be continuously present, merely continuously

available on a part-time basis. Martin Marietta

(1983) anticipates MPS laboratory requirements as

one crewman for 50% of the workday. In other

words, an MPS laboratory which does not rely sole-

ly on TP would operate at 100% of its capability,

or at 100% efficiency, when staffed by one person

working one half time for 360 days per year. If

commercial users can accept partial MPS laboratory

capability, then a human operator need not be con-

tinuously available. Assume for simplicity that

the operating efficiency of an MPS laboratory as

described above is directly proportional to the

number of days per year that a human is available

for half-time work. For instance, if personnel

are available for half-time work only 120 days per

year, the operating efficiency is only 120/360 =

33%. Six shuttle sorties of 20 days each produces

an operating efficiency of 33% -- thus, in a given

period of time only one-third as many experiments

could be completed; or, a given sequence of ex-

periments would require three times longer to per-

form.

Next, consider an MPS laboratory which relies

solely on ground-controlled TP. The major draw-

back is the >0.5 second time delay following each

control movement executed by an operator situated

on Earth. Assume arbitrarily that in the near-

term an MPS laboratory relying solely on TP takes

ten times longer to complete its experiments as

one staffed continuously by a man working half-

time -- an operating efficiency of 10%. Assume

further that a space platform is operated in the

sortie mode, with bimonthly shuttle sorties last-

ing 20 days each, and that human activities in an

MPS laboratory cannot be augmented by TP. Then

for one-third of a year the MPS laboratory is

operated at 100% efficiency solely by a human, and

for the remaining two-thirds of a year the MPS

laboratory is operated at 10% efficiency solely by

TP. The annual operating efficiency of this MPS

laboratory is then I/3(100%) + 2/3(10%) = 40%. If

the assumptions are reasonable, then an MPS

laboratory operating at 40% efficiency could be

provided by an unmanned platform supported by the

shuttle in sortie mode. If the cost of operating

such an MPS laboratory at 40% efficiency on an

unmanned platform is more than 2-3 times lower

than its operating cost would be on a permanently

manned space station, then the private sector will

be likely to invest in MPS on an unmanned plat-

form.

In contrast to MPS research which must be

conducted inside an MPS laboratory, commercial MPS

development and production hardware will require

dedicated, unmanned platforms that are equally

well supported by either a space platform or stat-

ion (Martin Marietta, 1983). Consequently, comm-

ercial MPS production facilities supported by a

coordinating space platform could operate at 100%

efficiency.

7C.2.2 Communications Satellites

Communications satellites represent the sec-

ond most promising area for commercial development

of a space station. The three services which

could be offered by a space station to the satell-

ite communications industry are to serve as (I) a

testing facility for new equipment to be installed

in communications satellites, (2) a base for laun-

ching communications satellites into geosynchron-

ous orbit, and (3) a base for servicing communica-

tions satellites in geosynchronous orbit. None of

these demand a permanent human presence in space,

and none are needed on a continuous basis. (TP

may even be mandatory in geosynchronous orbit be-

cause of the radiation hazard to human health.)

The latter two services require a reusable, teleo-

perated orbital transfer vehicle (OTV); the last,

in addition, requires a teleoperator maneuvering

system (TMS). All three services are equally well

provided either by an unmanned platform supported

by the shuttle in the sortie mode or by a perman-

ently manned space station.

7C.2.3 Life Sciences

The first habitat module for a space station
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will containa healthmaintenancefacility (HMF)
staffedbya physicianwhois continuouslyavail-
ableto conductresearchonthemedicaleffectsof
living in space(MartinMarietta,1983). Since
humansare thesubjectof this research,it cannot
be conductedin their absence. A ground-based

physician could use TP to monitor and control on-

orbit experiments in space medicine, but the pres-

ence of a physician in space is necessary to safe-

guard the health of the crew.

0nly during shuttle sorties can HMF research

be conducted from an unmanned platform. Since the

length of a shuttle sortie is limited to 20 days

and its frequency is bimonthly, the long-term eff-

ects of space on human health cannot be determin-

ed. For this reason the operating efficiency of a

human HMF on an unmanned platform in the sortie

mode is assumed to be degraded from a maximum pos-

sible value of 33% (section 7C.2.2 above), and

arbitrarily designated as 10%. If at some future

date a habitat module were added to the space

platform, then an HMF could be used to study the

long-term effects of space on human health.

In the far-term a space station is expected

to have a life sciences research module (LSRM)

which will contain both a vivarium to support ani-

mals and plants and a llfe sciences laboratory to

support experiments on animals and plants. Human-

habitable areas on the space station must be envi-

ronmentally isolated from the animal support and

research areas (Martin Marietta, 1983). On an

unmanned platform the LSRM would contain an envir-

onmental control/life support (ECLS) system. Exp-

eriments on animals and plants could be conducted

on an unmanned platform via ground-controlled TP.

Using the same argument as before (section

7C.2.2), the operating efficiency of an LSRM on an

unmanned platform in the sortie mode is estimated

at 40%.

7C.2.4 Astronomy and Earth Observations

A space station will support scientific miss-

ions in Earth observation (best accomplished from

a polar orbit) and in astronomy. Astronomy miss-

ions include planetary observations, space phys-

ics, astrophysics, and solar astronomy. These

scientific missions involve delicate instruments

with stringent requirements for pointing accuracy,

stabillty, and a contamination-free environment

(Lerman, 1983; Martin Marietta, 1983). All inst-

ruments must be isolated from people during opera-

tion. Regardless of whether a space station or a

space platform is deployed, these missions must be

implemented on unmanned platforms and free flyers.

They probably would be supported equally well by a

space station or by a coordinating space platform,

and serviced by humans or tel eoperators at interv-

als ranging from 6 months to 2 years.

7C.3 Cclparison of Costs and Benefits

Three criteria for evaluating any design are

performance, cost, and schedule (Mayers, 1983).

Using these criteria, an unmanned space platform

supported by the shuttle in sortie mode can be

compared to a space station. Reports by Martin

Marietta (1983) and other contractors specify mis-

sion capabilities of a space station, estimate its

costs, and define its schedule. For an unmanned

platform the mission capabilities used below we

assume a high level of TP, automation, and shuttle

sortie support. Cost estimates are based on data

from a McDonnell Douglas study (MDAC, 1982b) and

on comparisons with corresponding elements of the

space station, but must be regarded as extremely
tentative.

For simplicity, schedules for implementing

either an initial space station or an initial

space platform are assumed comparable, although

contractor reports suggest that a platform could

be developed more quickly. Parallel conceptual

designs for an initial platform have been complet-

ed for Marshall Space Flight Center (MDAC, 1980;

TRW, 1981). In 1982 these contractors completed

follow-on studies of an expanded space platform

(MDAC, 1982a,b). No conceptual designs have been

prepared for an initial space station; only stud-

ies of needs, attributes, and architectural opt-

ions have been completed (Martin Marietta, 1983).

It is assumed in this analysis that either an ini-

tial platform or the first module for a space sta-

tion could be developed for launch 7 years after

receiving authorization to proceed. This is the

approximate time needed to develop a new commerci-

al aircraft (Mayers, 1983).

Costs and benefits for a space station and a

space platform are forecast for the initial decade

in space (1991-2000) in the two tables following.

The figures are highly speculative estimates -- an

illustrative attempt to quantify and compare fut-

ure costs and benefits of a space station and a

space platform. All costs and benefits are in

1984 $ millions. All benefits are cumulative for

the decade 1991-2000. No opportunity cost or rate

of return is assigned to invested funds. The ent-

ries for the costs and the benefits of a space

station, in Tables 7.1 and 7.2, respectively, are

based on data in Martin Marietta (1983). A cost

of $110 million per shuttle launch is assumed.

In Table 7.1, the years indicated for space

station costs are one year later than those given

in the Martin Marietta study. Space platform cost

figures are constructed by modifying the given

station cost estimates as follows. In 1991 the.

energy module at a cost of $830 million is replac-

ed by an initial space platform at a cost of $240

million, which cost is obtained from a $180 milli-

on estimate in 1981 dollars (MDAC, 1982b). The

latter value was converted to 1984 dollars by ass-

uming an average annual inflation rate of 10% from

1981 to 1984. In 1992 the $352 million cost of a

logistics module is similarly computed from an or-

iginal $219 million estimate (MDAC, 1982b). Habi-

tat modules are excluded from the space platform

in the years 1991, 1993, and 1996. Also excluded

in 1993 is a docking tunnel section to connect the

habitat modules.

A space station will be visited by the shutt-

le every 3 months to exchange crews and receive

new supplies. A space platform will be visited by

the shuttle in sortie mode for 20 days every 2

months. Shuttle astronauts will deliver supplies,

repair and replace equipment, exchange payloads,

and perform tasks which require a human operator.

A human is assumed to require 70 lb. per day of

environmental control-life support (ECLS) consuma-

bles including oxygen, water, and food (Martin Ma-

rietta, 1983). A 4-man shuttle crew thus requires

280 lb. per day, or 5,600 lb. for a 20-day sortie.

Six sorties per year at a launch cost of $1,200

per pound yields an annual ECLS cost of $41 milli-

on. Since the space platform requires 6 launches

per year, two more than the annual number required

by a space station, an annual launch cost of $220

million is added. Full shuttle sortie mode has
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TABLE 7.1. SPACE STATION AMD SPACE PLATFORM: COST ESTIMATE COMPARISON

SPACE STATION

Year/Element

Costs

(in 1984

$ x 106)

1991: Energy Module #I w/Alrlock $ 830

Habitat Module #I 1,300

Teleoperator Maneuvering System (TMS) 30

Systems Engineering & Integration (SE&I) 450

Launch 235

1992: Logistics Module w/Propellant Storage 425

Payload Pallets (Astron., Earth obs., EOS) 95

Manned Maneuvering Unit (MMU)I

Remote Manipulator System (RMS) 30

Materials Processing Laboratory 235

SE&I 150

Operations 150

Launch 240

1993: Habitat Module #2

Docking Tunnel Section for Habitats

Energy Module #2

Orbital Transfer Vehicle (OTV)

Cryogenic Storage & Transfer for OTV
Second TMS for OTV

SE&I

Operations

Launch

630

130

395

5O

145

30

265

220

455

199_: Hangar for OTV 245

Science Platform #I (SolarlTerrestr. Obs.) 485

Materials Processing Platform #I 170

SE&I 50

Operations 220

Launch 330

1995: Science Platform #2 (Astro/Solar Phys) 120

SE&I 30

Operations 220
Launch 110

1996: Habitat Module #3 630

Life Sciences Research Laboratory 170

SE&I 25

Operations 285

Launch 165

1997: Earth Observ. Platform (Polar Orbit) 170

SE&I 15

Operations 285

Launch 110

1998: Materials Processing Platform #2 120

OTV Upgrade 50

Science Platform #3 (Solar Obs/Space Pbys) 120

SE&I 10

Operations 285

Launch 275

1999: Operations 290

2000: Science Platform #4 (Solar Terrestr.

Observ./Space Physlcs--Oeosyneh. Orbit) 120

Operations 285

Launch 110

SPACE PLATFORM

Year/E1 emen t

Costs

(in 1984

x 106)

1991: Initial Space Platform w/Energy

& Reboost Modules, Extendable Arms $ 240

TMS 30

SE&I 450

Launch 125

ECLS Consumables for 6 Shuttle Sorties 41

Launches for 5th & 6th Shuttle Sorties 220

1992: Logistics Module (Consumables Stores) 352

Payload Pallets (Astron., Earth obs., EOS) 95

HHU/RPLS 30

Materials Processing Laboratory 235

SE&I 150

Operations* 150

Launch 240

1993: Energy Module #2 240

OTV 50

Cryogenic Storage & Transfer for OTV 145

Second TMS for OTV 30

SE&I 265

Operations • 220

Launch 235

1994: Hangar for OTV 245

Science Platform #I (Solar/Terrestr. Obs.) 485

Materials Processing Platform #I 170

SE&I 50

Operations • 220

Launch 330

1995: Science Platform #2 (AstrolSolar Phys) 120

SE&I 30

Operations* 220

Launch 110

1996: Life Sciences Research Laboratory 170

SE&I 25

Operations* 285

Launch 55

1997: Earth Observ. Platform (Polar Orbit) 170

SE&I 15

Operations* 285

Launch 110

1998: Materials Processing Platform #2 120

OTV Upgrade 50

Science Platform #3 (Solar Obs/Space Phys) 120

SE&I 10

Operations* 285

Launch 275

1999: Operations • 290

2000: Science Platform #_ 120

Operations* 285

Launch 110

• 1992-2000: plus ECLS ($41M/yr) &

Sorties ($220Mlyr), for 9 years 2,349

TOTAL $ 11,990 TOTAL $ 10,652
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TABLE 7.2. SPACE STATION AID SPACE PLATFORM: ECONOMIC BENEFITS ESTIMATE COMPARISON

SPACE STATION SPACE PLATFORM

Value of Value of

Benefit Benefit

(in 1984 (in 1984

Benefit $ x 106) Benefit $ x 106)

A. Missions Based on Space Station

I. Space Physics $ 85

2. Materials Processing Research 340

B. Missions Based on Co-Orbiting Platforms

3. Astronomy 340

4. Space and Solar Physics 1,280

5. _terials Processing for Commercial

Development and Production 1,020

C. Mission Based on Polar Orbit Platform

6. Earth Observation 510

D. Payload Delivery (Including Communi-

cations Satellites)

7. Delivery to Low-Earth Orbit (LEO) 2,200

8. Delivery to Geosynchronous Orbit

(GEO) 6,400

E. Spacecraft Servicing (Including

Communications Satellites)

9. Servicing in LEO 2,600

10. Servicing in GEO 400

A. Missions Based on Coordinating

Platform

I. Space Physics

2. Materials Processing Research

(340) x (0.4) :

B. Missions Based on Co-Orbiting Platforms

3. Astronomy

4. Space and Solar Physics

5. Materials Processing for Commercial

Development and Production

(1,020) x (0.4) :

$ 85

136

340

1,280

408

C. Mission Based on Polar Orbit Platform

6. Earth Observation 510

Payload Delivery

7. Delivery to LEO 2,200

8. Delivery to GEO 6,400

Do

E. Spacecraft Servicing

9. Servicing in LEO 2,600

10. Servicing in GEO 400

TOTAL $ 15,175 TOTAL $ 14,359

been assumed for the entire decade, 1991-2000, al-

though advanced TP, anticipated after 1995, doubt-

less will enable the frequency and duration of

shuttle missions to be significantly reduced. To

simplify the analysis, systems engineering and in-

tegration costs are assumed equal for both station

anO platform.

Economic benefits of a space station (Table

7.2) are computed in Martin Marietta (1983), which

converts mission capabilities to economic benefits

by calculating the number of dedicated shuttle

flights needed to implement these missions in the

absence of a space station, then multiplying that

number by $110 million per launch. (No economic

benefits are identified by Martin Marietta for

llfe sciences, presumably because, in their opin-

ion, life science experiments cannot be conducted

in space solely by dedicated shuttle flights.)

Table 7.2 also estimates the economic bene-

fits of a space platform. With the exception of

materials processing research and production, all

the remaining benefits of a space platform are id-

entical to those for a space station, because, in

this analysis, these benefits are based on identi-

cal mission capabilities for both structures.

Since a space platform, supported by the shuttle

in sortie mode, is assumed to have only 40% of the

capability of a space station to conduct MPS re-

search, the economic benefits of materials proces-

sing research on a space platform are only 40% of

those benefits on a space station.

From this analysis, based on the costs and

benefits for a space station forecast by Martin

Marietta (1983), and on the mission capabilities

and configuration for a space platform described

in the earlier discussion, both station and plat-

form produce economic benefits greater than their

respective costs. The additional benefit of $816

million in MPS research and production provided by

a space station is exceeded by the space station's

apparent additional cost of $1,338 million. Given

the huge uncertainties inherent in these figures,

it is difficult to draw any definite conclusions.

However, it is clear that certain features of an

unmanned space platform are worthy of further de-

tailed consideration.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

Summarized for the Group by

H.J. Freeman W.S. Topham

The following general conclusions are sugges-

ted by the results of the present study:

I. Machines will not replace humans in

space. Rather, they will free us for more produc-

tive endeavors. People and machines in space will

demonstrate new types of interactions and will th-

rive, not just survive. Humans and machines must

be viewed as an integral system from the first

stages of conceptualization and design.

2. Artificial intelligence systems will not

have a major impact on the initial space station

design for the early 1990s. There are expert sys-

tems that can be employed in specific areas but it

will take at least another 5-10 years before high-

ly autonomous intelligent machines become avail-

able. An evolutionary station should be designed

with this future possibility in mind.

3. Two areas of human-machlne interaction

appear most promising: (a) Using computers for

monitoring with humans serving in a supervisory

capacity, and (b) direct interaction in the form

of teleoperation and telepresence. No major tech-

nological breakthroughs are necessary to develop

effective teleoperation systems. These systems

eliminate the near-term need for extensive intell-

igent AI systems, and the development of superior

end-effectors will provide exceptional physical

capability. Furthermore, as artificial intellig-

ence systems emerge, the advances which have been

made in teleoperator systems can be used to create

more efficient and effective robots.

4. Sophisticated monitoring systems can be

developed to sharply reduce ground personnel requ-

irements. However, use of these systems will not

necessarily increase ground/space autonomy because

monitor computers will be located on the ground so

they can be improved and developed as technology

advances. Later, though, most of the human contr-

ol will shift to the space station.

5. Ultimately, the station is the gateway to

space colonization and the forerunner of permanent

space colonies. It is a launching platform to

other planets and a stepping stone to the stars.

We recommend the following to NASA:

I. Major effort and funding should go into

the development of manned EVA, teleoperator/tele-

presence and robot systems. NASA should develop

EVA suits, tools, and capabilities for near-term

use; invest in telepresenee and AI now for the

near- and mld-term future; and invest in robotics

for mid- and long-term utilization.

2. Using the latest technology, hlgh-level

monitoring systems should be established on the

ground wlth onboard microcomputers maintaining the

normal operation of many station systems and tak-

ing over many routine decisions formerly made by

humans. Astronauts must retain ultimate authori-

ty, making the highest-level decisions of which

machines are yet incapable. Databases should be

developed with eventual AI uses in mind, and be

readily accessible by all users. One or more com-

puter networks should be employed aboard the space

station, enabling critical functions to be separa-

ted from scientific and other uses. Every effort

should be made to take advantage of the capabilit-

ies of commercial systems, particularly in the ar-

eas of computer hardware and software development,

natural languages and expert systems.

3. To counteract the psychological and Soci-

al negatives of living and working in a highly au-

tomated, relatively isolated artificial environ-

ment, the space station should be designed from

the outset with due regard to extra-terrestrial

setting factors, communications factors, and orga-

nizational factors. Interdisciplinary teams shou-

ld address problems of work and setting design for

human-machlne interaction. The station is best

viewed as a facility, not as a flight. NASA shou-

ld encourage an up-to-date examination of issues

and findings in social sciences research of possi-

ble relevance both to space station organizational

and physical design and to a long-term human pres-

ence in space.
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GLOSSARY

Contributions by

R.A. Freitas Jr.

D.G. Hays

C.R. Kurtzman

L.J. Mazlack

R.S. Wallace

AI (ARTIFICIAL INTELLIGENCE)

ALGORITHM (see also HEURISTIC)

A procedure for accomplishing a given result by

proceeding on a logical step-by-step basis. Comp-

uter programs and N/C routines for machine tools

are developed in this way. A method of attacking

a problem which is assured of success. An ordered

sequence of steps followed in order to solve a

problem or execute a procedure. A strong method

in the sense of a method guaranteed to yield

certain results for certain problems but appli-

cable only to a narrow class of problems.

ALPHANUMERIC

Text or data consisting of both alphabetic and nu-

merical characters.

ANALOG (see also DIGITAL)

Computers of this type are designed to control

continuous process operations such as flows,

temperatures, or other infinitely variable-type

operations. Digital computers process only dis-

crete digital data.

ANALOG COMPUTER (see also DIGITAL COMPUTER)

A computer capable of handling non-digltal data

only, usually in a time-dependent manner.

ARAMIS (AUTOMATION, ROBOTICS, AND MACHINE INTELL-

IGENCE SYSTEMS)

ARC (NASA/AMES RESEARCH CENTER)

ARCHITECTURE, COMPUTER

The design of a computer.

ways, refers to hardware.

Usually, but not al-

ARTIFICIAL INTELLIGENCE (see also KNOWLEDGE ENGI-

NEERING)

A field of computer science concerned with under-

standing the principles and building working

models of intelligent behavior, with developing

general principles for symbolic reasoning and

problem solving by computer, and with constructing

computers which exhibit behavior that would nor-

mally be regarded as requiring human intelligence.

AUTOMATED WORK ENVIRONMENT

A work environment in which a maximum number of

computer- and robotic-based aids are available for

the performance of work, including word or data

processing, expert systems, decision support

systems, CAD/CAM systems, communications, database

and information retrieval systems, and a software

library.

AUTOMATIC

Functioning in a predefined manner with a minimum

of reprogrammability; possessing only limited pro-

cess information closure.

AUTOMATIC MACHINES

These machines perform a predetermined operation

or sequence without human interaction. This cate-

gory includes all automatic machinery, from an alr

conditioner to a time clock.

AUTOMATIC PROGRAMMER AND PROGRAM TESTER

This program, given a high-level description of a

programming task, creates a computer algorithm to

accomplish the task. This algorithm is written in

a prespeclfied language (e.g., Fortran, Lisp,

etc.). In the near-term, the high-level task

description is a moderately structured task-

oriented language, either from humans or from

another program. More advanced technology will be

able to operate on task descriptions in English.

The program is also capable of reviewing existing

software and finding errors In programming logic

and syntax. Eventually these systems should be

able to analyze existing software and verify that

it is capable of performing a given function.

This could include checking that a newly created

piece of software is compatible with the existing

system (e.g., verifying that a software patch will

not cause trouble in a spacecraft software sys-

tem).

AUTOMATION (see also AUTONOMY)

The replacement of manual labor wlth machine

labor. The application of artificial devices and

machines to tasks which would otherwise involve

human labor or intellect.
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AUTONOMIC NERVOUS SYSTEM

The part of the human nervous system that regulat-

es organs controlled by smooth muscles.

AUTONOMOUS

Functioning independently of other components or

systems; self-governing or self-controlling;

possessing virtually complete information closure

in normal operation. (See also AUTONOMY)

AUTONOMY (see also AUTOMATION)

The degree to which a system operates independent-

ly of outside control; functioning independently

of other components or systems; self-governlng or

self-controlling; possessing virtually complete

information closure in normal operation. (See

Chapter I and Appendix 6B.)

BANDWIDTH

Rate of data/information transmission or process-

ing, measured in bits/second.

BASE

A core of modules including facilities for dock-

ing, control and human habitation.

BIT (see also INFORMATION)

A binary digit of either 0 or I; the smallest

unit of information. In computer science, a mem-

ory cell storing either a I or a 0.

BLACKBOARD

A data structure for holding knowledge on which a

number of independent processes operate. Some-

times the blackboard is Just a globally accessible

database; other times it holds knowledge about

the order in which processes should be activated,

given the current state of knowledge in the

system.

BOOTSTRAP

A technique for loading the first few instructions

of a computer program into active memory and then

using them to bring in the rest of the routine.

BOOTSTRAPPING

Using a crude measure or procedure to derive a

better one.

BUFFER STORAGE

A place for storing information in either a compu-

ter or a control unit so that it is immediately

available for action once the previous instruct-

ions have been completed. Buffers eliminate the

need to wait for information to be transferred

from a slower bulk storage medium into active

memory.

BYTE

A series of computer binary digits organized to

represent an alphanumeric symbol; sometimes call-

ed a "word" of memory; 4-, 8-, and 16-bit bytes

are common in computing.

CAD (COMPUTER-AIDED DESIGN) (see also CAT, CAM

and CA_E)

The use of computers to aid in product design and

development. A technique for automating the

design of systems. CAD systems range from simple

automated drafting machines to complex units which

can analyze and predict the impact of a change of

one or more components upon the entire design.

CAM (COMPUTER-AIDED MANUFACTURING)

The use of computers to assist in any or all

phases of manufacturing. Numeric Control (N/C) is

one form of CAM.

CARTESIAN COORDINATES

A system of two or three mutually perpendicular

axes along which any point may be located in terms

of distance and direction from any other point.

CASE (COMPUTER-AIDED SYSTEMS ENGINEERING)

The use of computers in all phases of design, de-

velopment, operations and documentation.

CAT (COMPUTER-AIDED TESTING)

The use of computers to aid in the testing of man-

ufactured output.

CENTRAL NERVOUS SYSTEM

Neural cells located within the spinal cord and

brain.

CHIP

Small piece of semiconductor material upon which

electronic components and subassemblies are form-

ed. Integrated circuits, LSI and VLSI are made on

chips.

CIRCADIAN RHYTHM

A cycllcally-occurring human biological or psycho-

logical event, typically with a period of about 24

hours.

CLOSED-LOOP SYSTEM

A system whereby signals from a control unit are

acted upon by the machine effector or tele-

operator, and a monitoring unit then returns the

acted-upon signals for comparison; operates using

feedback from errors, thus achieving some level of

self-correction; opposite of OPEN-LOOP SYSTEm4.

CLOSURE

Exists when system function or output exceeds

system structure and input requirements. Closure

may involve quality, quantity, or throughput rate,

and may apply to mass (parts, materials), energy

(power, collectors), or information (assembly op-

erations, repairs).

COBOCOL (COMMON BUSINESS-ORIENTED COMMUNICATION

LANGUAGE)

A hlgh-level language standard for communicating

transactions, requests, queries, etc. between

computers in the business community. COBOCOL

should have sufficient expressiveness to handle

communications such as "What are the price and

delivery conditions for IOK No. 3 pencils?" There

are network standards at the physical level and at

the level of bitstreams, but not at the level of

messages. COBOCOL is a communications standard at

the level of messages.

COGNITION

Programmed models which approximate the behavior

of natural cognition, in the context of robotic

and artificial intelligence systems. The process

of knowing, perceiving, and recognizing; most

generally, thinking.

COMMAND (see also CONTROL)

A discrete event resulting in the activation of a

device, or starting or terminating a sequence of

actions. Command may also carry the connotation

of a high-level instruction.
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COMPATIBILITY

The degree to which tapes, languages, and prog-

ramming can be interchanged among various computer

and computer-controlled systems.

COMPUTER

A machine whose work output consists of manipulat-

ing information rather than physical objects.

COMPUTER MODELING AND sIMULATION

An interactive computer-based modeling and simula-

tion system. The computer maintains a database

containing a geometric and/or functional model of

the system being simulated. A computer-aided-

design system is a limited example of such a

system. The simulation can be run in accelerated

time to predict outcomes of spacecraft procedures

prior to actual functions.

COMPUTER VISION (see VISION)

CONTEXTUAL LEARNING

The assimilation of meaning to a new item from the

surrounding context.

CONTROL (see also COMMAND)

A continuous set of instructions for maintaining

the stability or integrity of a system. Control

also has a connotation of low-level instructions.

COST-EFFECTIVE

Economical in terms of the tangible benefits

produced by money spent.

CPU (CENTRAL PROCESSING UNIT)

The basic memory or logic center of a computer

that includes the circuits controlling the pro-

cessing and execution of instructions.

CRT (CATHODE RAY TUBE)

Common term for computer console video display

screen. An electronic vacuum tube containing a

screen on which graphics or alphanumeric informa-

tion may be displayed.

DAI (DISTRIBUTED AI)

Artificial intelligence systems designed to run on

more than a single processor at a given time.

Problems given to DAI systems may be broken up

into subproblems each of which is solved on an

independent processor.

DATA (see also KNOWLEDGE and INFORMATION)

Symbols and wave forms often gathered during ob-

servations.

DATA HIDING

Keeping the values and identifying names of data

in one program module separate and distinct from

those in other modules. When data is completely

hidden, both the name and the value of the data

cannot be discovered by processes within another

module.

DATA MANAGEMENT

In the broadest sense, data management includes

all the essential elements of the data collection,

organization, storage, and dissemination process.

However, current usage in computer science has

narrowed the definition to focus on the

computer-based processes that store previously

gathered and encoded data, provide a storage

organization for that data, and can retrieve

specified data items.

DDCU (DISTRIBUTED DIGITAL CONTROL UNIT)

DECISION SUPPORT SYSTEM

A computer-based tool to assist in planning, in

analyzing decision alternatives, and in monitoring

the progress of activities.

DEDICATED COMPUTER

A computer devoted exclusively to a single appli-

cation.

DEDUCTIVE TECHNIQUES (THEOREM PROVING)

The study and development of the deductive pro-

cess, using mathematical languages (predicate

logic). A basic problem-solving technology,

closely related to automatic programming. The

chief difference between the two is that automatic

programming constructs a path to a given goal,

while theorem-proving techniques verify that the

desired results are produced by a proposed path.

Theorem proving involves a network structure of

definitely-true if-then statements. The theorem

prover compares a new hypothesis to this struct-

ure, attempting to disprove the hypothesis; if

the theorem prover cannot disprove it, the

hypothesis is called true.

DEGREES OF FREEDOM (DOF)

The state of a mechanism can be described by

specifying the current value of each variable

parameter (each degree of mechanical freedom),

particularly rotating or sliding elements, of

robot systems.

DFRC (NASA/DRYDEN FLIGHT RESEARCH CENTER)

DIGITAL (see also ANALOG)

Information and values are expressed in discrete

terms. In a digital computer such terms are

generated by a combination of binary on/off or

positive/negative signals, as distinguished from

analog wherein a fluctuating signal strength

determines the fluctuations of values.

DIGITAL COMPUTER (see also ANALOG COMPUTER)

A machine capable of handling discrete data items.

Digital computer calculations are generally time

independent.

DIGITIZE

The process of converting a scaled, but

non-mathematical, image into digital data.

DISK

A random-access data storage component of a compu-

ter system.

DOC (DEPARTMENT OF COMMERCE)

DOD (DEPARTMENT OF DEFENSE)

DOE (DEPARTMENT OF ENERGY)

DOF (see DEGREES OF FREEDOM)

DOMAIN, PROBLEM (see DOMAIN, SUBJECT)

DOMAIN, SUBJECT

A closely defined and bounded topic area.

example -- human nutritional needs in space.

DOS (DISK OPERATING SYSTEM)

For
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DUMP

The removal of all or part of the contents of a

computer storage medium such as memory or disk and

its reproduction in some other medium such as hard

copy printout, tapes or cards.

ECLSS (ENVIRONMENTAL CONTROL AND LIFE SUPPORT

SYSTEM)

ELEMENT

Any module, platform or free-flyer which is

dependent upon the space station system for its

long-term operation. In computer architecture, a

single member of a distributed processing system.

Also, a single member of a matrix or array.

END-EFFECTOR (see MANIPULATOR and ROBOT)

ENTITY MATRIX

The matrix which characterizes the major players

in the space station as men and machines along one

axis and as ground-based and space-based along the

other.

EPROM (ERASEABLE PROM)

ET (EXTERNAL TANK)

EVA (EXTRA VE_ICULAR ACTIVITY) (see also IVA)

EXPERT CONSULTING SYSTEMS (see also EXPERT

SYSTEM)

Systems that provide users with "expert" con-

clusions about specialized subject areas. These

systems operate on relational databases, consist-

ing of well-specified representations of informa-

tion relevant to the problem and of "rules" de-

scribing relationships between pieces of the data-

base. These rules are typically if-then rela-

tlonships (e.g., if component A fails, then

component B will measure 5 volts in the circuit).

Existing medical diagnosis expert systems (e.g.,

MYCIN and EMYCIN) compare input symptoms to their

relational databases and compute probabilities of

various potential diagnoses. They can request

specific information to improve their deductions.

Such systems currently have diagnostic abilities

equivalent to a first year intern.

EXPERT SYSTEM (see also EXPERT CONSULTING

SYSTEMS)

An artificially intelligent program designed to

provide advice on matters which would otherwise

require consultation with human experts. A

computer program wbic_ uses human expertise in a

limited subject domain that has been extracted

from the human and then placed into a "knowledge

base" which is separate from the program that uses

the knowledge base to resolve a problem in the

knowledge domain; computer systems that embody

knowledge including inexact, heuristic and sub-

Jective knowledge; the results of knowledge engi-

neering.

EXPERT SYSTEM WITH HUMAN SUPERVISION

Given an extensive database comprised of

consistent, logical models ("representations") of

information known to be true, an expert system

employs "production rules" to determine the

viability of plausible inferences based on a given

situation. For example, the system can receive

inputs describing the situation, and use

"common-sense" production rules to compute the

probahilltles that certain statements are true or

false. In some cases, the production rules can be

explicit and the probabilltles may then be cer-

tainties; on the other hand, some situations may

only provide partial or inaccurate data, and the

system then evaluates the deficits and discrep-

ancies in the data as part of the calculation of

probabilities. Then the human supervisor, equip-

ped with the likelihood of various options and

inferences as to possible ramifications, makes a

determination and initiates action.

EXTRA-TERRESTRIAL

Originating or existing outside the Earth.

FAIL-0PERATIONAL

When component of system fails, system remains

operational. System survival is not Jeopardized.

FAIL-SAFE

When component of a system fails, system survival

is not jeopardized.

FEEDBACK

Information returned from the output of a machine

or process intended for use as input in subsequent

operations or for purposes of automatic control.

FIRST-ORDER (PREDICATE) LOGIC (see also LOGIC)

A system of logic in which the terms are

restricted to standing for individuals only (as

opposed to sets) but wlth the proper mechanisms

necessary to capture formally the ideas of an

individual, a function, a relation, quantification
and inference.

FREE-FLYER

A free-flying unmanned satellite which is serviced

by or otherwise dependent upon the space station

system.

GEO (GEOSYNCHRONOUS or GEOSTATIONARY EARTH ORBIT,

see also HEO and LEO)

An orbit of the earth at altitude 22,300 miles in

the plane of the equator. A satellite in geosyn-

chronous orbit is fixed with respect to an observ-

er on the Earth.

GSFC (NASA/GODDARD SPACE FLIGHT CENTER)

HALO ORBITS (see LAGRANGIAN ORBITS)

HARD VACUUM

Extremely high vacuum (usually < 10-9 mm Ha).

HARDWARE, COMPUTER

The physical computer.

HARDWIRED

Computer or computer-controlled system which

functions by means of fixed and committed

circuitry; reprogrammlng is possible only by

altering the nature of or interconnectlons among

physical components.

HAWTHORNE EFFECT

The effect on subjects' performance attributable

to their knowledge that they are serving as exper-

imental subjects or being treated in a special

manner.

HEAT SINK

A place or device for

dissipation of unwanted heat.

the absorption or
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HEO(HIGHEARTHORBIT)(seealsoLEOandGEO)

HEURISTIC(seealsoALGORITHM)
A "shortcut"methodfor solvinga problemthat may
or maynotwork. A heuristiccomputerprogramis
onewhichbeginswith only anapproximatemethod
of solvinga problemwithin the contextof some
goal, andthenusesfeedbackfromthe effectsof
the solution to improveits ownperformance.A
rule-of-thumb,trick, or hint usedto solve a
problem.Aweakmethodin the senseof a method
not guaranteedto find a solutionif oneexists
bu_possiblyapplicable to a wider variety of

problems.

HEURISTICS (see also ALGORITHM)

The informal, Judgmental knowledge within an

application area that constitutes the "rules of

good judgment" in the field. Heuristics also

encompass the knowledge of how to solve problems

efficiently and effectively, how to plan steps in

solving a complex problem, how to improve

performance, and so forth.

flLLV (HEAVY LIFT LAUNCH VEHICLE)

HUD (HEAD-UP DISPLAY)

HUMANE

Civilizing, refining, humanizing; having or en-

couraging the best qualities of humankind.

IC (see INTEGRATED CIRCUIT)

ICAM (INTEGRATED COMPUTER-AIDED MANUFACTURING)

INFERENCE TECHNIQUE

A methodology for reasoning about information in

knowledge representation, and for drawing conclu-

sions from that knowledge.

INFORMATION (see also KNOWLEDGE and DATA)

Data given meaning by a context structure. In an

information-theoretlc sense, information is de-

fined to be log 2 of the cardinality of a set of

possibilitles. Information differs from DATA and

KNOWLEDGE. The amount of information in the

result of a coin toss is exactly one bit. That

information becomes DATA if it is used in some

procedure, such as deciding who sits in the back

seat. It becomes KNOWLEDGE if it is assigned a

meaning, such as the meaning of the result of a

coin toss.

INTEGER PROGRAMMING

An algorithmic process which seeks to minimize (or

maximize) a result expressed as an integer value

subject to algebraically stated constraints.

INTEGRATED CIRCUITS (ICs)

A very small single structure assembly of electro-

nic components containing many circuits and funct-

ions on a chip.

INTELLIGENT MACHINES

These are programmable computing machines whose

programs contain explicit representations for the

assumptions and conclusions of the problem, as

well as the rules used and the ways in which they

were applied. Such explicit data structures can

give the user confidence that the program will

reach any conclusions it ought to reach, within

its domain of knowledge. Intelligence is not a

"yes or no" quality; a program may deserve to he

considered intelligent only in a certain range of

thought. Example: a program which analyses

electrical circuits by solving a large system of

equations is merely automatic or programmable, but

one which knows about various laws such as Ohm's

law and applies them as appropriate to the circuit

diagram has intelligence in that particular

domain. An intelligent program may use the same

information about the particular problem as a

nonintelligent one would use, but the information

is explicitly labeled in the intelligent program.

INTERFACE

The medium by which two separate elements of a

computer system are joined to permit mutual inter-

action.

I/O (INPUT/OUTPUT) DEVICE

Input or output equipment or programming, used to

communicate with a computer or control system.

IPAD

Developmental software package for computer-aided

aircraft design; computer science research prog-

ram at LARC.

IVA (INTERNAL VEHICULAR ACTIVITY) (see also EVA)

JPL (NASA/JET PROPULSION LABORATORy)

JSC (NASA/JOHNSON SPACE CENTER)

KNOWLEDGE (see also DATA and INFORMATION)

Data given meaning by a context structure.

KNOWLEDGE BASE

A base of information encoded in a knowledge rep-

resentation for a particular application.

KNOWLEDGE BUS

A communication medium for passing knowledge in a

standard format (such as first-order logic) among

the components of a distributed AI system.

KNOWLEDGE ENGINEERING (see also ARTIFICIAL

INTELLIGENCE)

The engineering discipline whereby knowledge is

integrated into computer systems in order to solve

complex problems normally requiring a high level

of human expertise.

KNOWLEDGE REPRESENTATION

A formalism for representing facts and rules about

a subject or specialty.

KR (KNOWLEDGE OF RESULTS)

KSC (NASA/KENNEDY SPACE CENTER)

LI,L2,L3,L4,L5 (see LAGRANGIAN ORBITS)

LAGRANGIAN ORBITS

In the classical three-body problem, small objects

placed at one of the five Lagranglan points in the

plane of revolution are in dynamical equilibrium,

and two of these, the triangular points L4 and L5,

are stable. The true Earth-Moon system represents

a four-body problem because of the significant

gravitational influence of the Sun. L4 and L5

themselves are unstable, but large, stable libra-

tion orbits exist around them, synchronized with

the synodic month. Orbits around L1 and L2,

called HALO ORBITS, are dynamically unstable and

can only be maintained via stationkeeping.
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LANGUAGE, FORMAL

A precisely defined symbolic communication process

developed by humans to serve particular purposes.

Syntax and semantics are invarlant. First-order

logic is a formal language.

LANGUAGE, NATURAL

An informal symbolic communication process de-

veloped in parallel during the course of human

evolution. Syntax and semantics are flexible and

variably defined. English is a natural language.

LARC (NASA/LANGLEY RESEARCH CENTER)

LARGE-SCALE INTEGRATION (see LSI)

LEARNING

Learning may occur by (I) being told or rote mem-

orization, (2) examples and counterexamples, or

(3) hypothesis (theory) formation.

LEARNING CURVE

A record of improved performance over trials from

which learning may be inferred.

LEARNING EXPERT SYSTEM WITH INTERNAL SIMULATION

Same as other expert systems, but the "learning"

aspect adds the ability to evaluate the accuracy

of former predictions, and the ability to modify

the database and the production rules to improve

future predictions to give "better" directives.

LEO (LOW EARTH ORBIT) (see also HEO and GEO)

The range of minimum orbital altitudes, reaching

from the edge of the atmosphere (the limit where

an unpowered body can complete at least one full

orbit without suffering total orbital decay) up to

an altitude of several hundred miles.

LISP (LIST PROCESSING LANGUAGE)

The lingua franca of artificial intelligence

research today; a computer language invented by

John McCarthy in 1958 with very simple syntax and

the unique feature that no distinction is made

between programs and data.

LOGIC (see also FIRST-ORDER LOGIC)

That branch of mathematics and philosophy

dedicated to the formal study of meaning and

inference. A logic is a formal system consisting

of symbols, rules for manipulating the symbols,

and rules for assigning meaning to those symbols.

LRC (NASA/LEWIS RESEARCH CENTER)

LSI (LARGE-SCALE INTEGRATION)

The organization of many integrated circuits on a

single very small substrate; the basis of

microcomputers and minicomputer logic systems.

MACHINE

Most generally, a physical device that can be used

to perform work. Machines include can openers,

automobiles, computers, and sewing machines. In

computer science the jargon term "machlne w most

often refers to a digital computer.

MANIPULATOR

A mechanical device used for handling,

and positioning tasks.

alignment

MANIPULATOR SYSTEMS

A generic term for any mechanical device which a

robot uses to directly manipulate its environment.

MICROGRAVITY

Gravity in LEO caused by tidal forces, measuring

approximately one-millionth of the terrestrial

surface gravity, or a micro-g.

MMU (MANNED MANEUVERING UNIT)

MODULE

An attached space station element which provides a

unique or common function for system operations.

MORALE

A positive group attitude toward perseverence in

work.

MOTIVE SYSTEm, S

A generic term for the mechanisms used to convey a

robot around its environment.

MPS (MATERIALS PROCESSING IN SPACE)

MSFC (NASA/MARSHALL SPACE FLIGHT CENTER)

NASA (NATIONAL AERONAUTICS AND SPACE ADMINISTRA-

TION)

N/C (NUMERICAL CONTROL) MACHINE TOOL

A mill, lathe, or other production machine driven

by computer-generated instructions for manufactur-

ing, read from a tape or other input medium, which

the machine follows to complete a given task.

NEEDS (NASA END-TO-END DATA SYSTEM)

NOISE

Background of stimulation in which signal is em-

bedded; unwanted signals.

NSF (NATIONAL SCIENCE FOUNDATION)

NTM (NON-TERRESTRIAL MANUFACTURING)

OAST (NASA HEADQUARTERS/OFFICE OF AERONAUTICS AND

SPACE TECHNOLOGY)

OFFLINE OPERATION

Peripheral equipment operating independently of a

central computer, to conserve expensive online

central computer time.

OMS (ORBITAL MANEUVERING SYSTEM)

OPEN-LOOP SYSTEM

A system which generates output signals but relies

upon the integrity of the system to execute them,

without feedback for monitoring or comparison

purposes. 0pen-loop systems ignore error signals

and operate on the assumption that no errors

occur. Opposite of CLOSED-LOOP SYSTEM.

OPERATIONS OPTIMIZATION PROGRAM

This is a computer program using a dynamic model

of available resources and mission objectives to

determine optimal scheduling and optimal resource

allocation. It can then command resource distri-

bution at the appropriate times. This program

would use iterative mathematical techniques and a

binary decision tree to select optimum values for

scheduling and resource allocation based on

consideration of cost, time and resource levels.

OTV (ORBITAL TRANSFER vEHICLE)
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PERFORMANCE
Recordable,overt behavior; whatthe organism
actuallydoes; the databasefor inferencesabout
knowledge,experience,andlearning.
PLATFORM
Anunmanned,orbitingmulti-usestructurecapable
of supplyinglimited utilities to changeablepay-
loadsanddependentuponthespacestationsystem
for its long-termoperation.
PRODUCTIONRULES
A widely-usedknowledgerepresentationin which
knowledgeis formalizedinto "rules"containingan
"if" part anda "then"part (alsocalleda condi-
tion andanaction). Theknowledgerepresentedby
the productionrule is applicableto a line of
reasoningif the "if" part of the rule is
satisfied; consequently,the "then"part canbe
concludedor its problem-solvingactiontaken.
PROGRAM
Instructionsfor carryingouta particularset of
calculations,bya computer.
PROGRAMMABLEMACHINES
Theseareautomaticmachineswhicharealsorepro-
grammable.Programmablemachinesarea subsetof
automaticmachines,specialin that they canbe
reprogrammed,either by a humanor by another
system.A numerically-controlledmilling machine
is anexampleof a programmablemachine;it canbe
programmedbya humanoperatorlocally, or it can
beprogrammedbya computer,asin a CAMsystem.
PROGRAMMODULARITY
Amodularprogramis composedof separateanddis-
tinct programmodules.
PROGRAMMODULE
Asubpartof a programthat hasonlyoneexit and
oneentrance. A subprogram(subroutine,proced-
ure, package,function)is the preferredwayof
delineatinga module.Datatransferin a modular
subprogramshouldonlyoccurthroughtheparameter
list.

PROGRAMS,"DUMB"
Programsthat arewritten in the belief that the
demandsof the problemare fully understoodand
canbecompletelydescribedin theprogram.

PROGRAMS,"SMART"
Programsthat either (a) candealwith ill-defined
situations, (b) are capableof learning,or (c)
utilize a knowledgebaseto resolveproblems.
PROLOG
Aprogramminglanguagebasedonfirst-order logic.
Prologis gainingpopularitytodayandwidespread
attentiondueto its selectionasthe corelangu-
agefor Japan'sFifth GenerationComputerProject.
PROM(PROGRAMMABLEROM)(seealsoRAM,ROM,EPROM)
Canbeprogrammedonlybyspecialroutines; once
programmedwith permanentdata, it becomesa ROM
or Read-OnlyMemory.
PS (POWERSYSTEMS)

PUMA(PROGRAMMABLEUNIVERSALMANIPULATORFOR
ASSEMBLY)
Oneof a class of robotic manipulatordevices
("robotarm"),manufacturedbyUnimation,Inc.

QWERTY
Refersto the first six letters on standard type-

writer keyboard; more generally, refers to stand-

ard keyboard itself.

RAM (RANDOM ACCESS MEMORY)

Memory to which information may be read and to wh-

ich information may be written at any time (access

time effectively independent of data location).

R&D (RESEARCH AND DEVELOPMENT)

REAL-TIME

The ability of a computer to function and control

processes as those processes actually occur.

RMS (REMOTE MANIPULATOR SYSTEM)

A six-degree-of-freedom five-link manipulator

manufactured by SPAR Aerospace of Canada and

deployed from the space shuttle cargo bay.

ROBOT

A reprogrammable, multlfunctional manipulator

designed to move material, parts, tools, or spec-

ialized devices through variable programmed

motions for the performance of a variety of tasks.

A programmable device for manipulating the envir-

onment in versatile ways.

ROM (READ-ONLY MEMORY) (see also RAM, PROM, EPROM)

Memory from which information may be read but to

which cannot be written.

ROSS (REMOTE ORBITAL SERVICING SYSTEM)

RULES (see PRODUCTION RULES)

SEMANTICS

The meaning of a language statement.

SENSOR

A device which responds to physical stimulus and

transmits a resultant signal containing informati-

on about the stimulus to a controller or operator.

SETI (SEARCH FOR EXTRA-TERRESTRIAL INTELLIGENCE)

SMF (SPACE MANUFACTURING FACILITY)

SOFTWARE, COMPUTER

Computer programs.

SOFTWARE ENGINEERING

A discipline that seeks to make programs easier to

construct, test, and modify. Key concepts include
PROGRAM MODULARITY and DATA HIDING.

SOFTWARE VERIFICATION

The process of formally ascertaining that a

program will do what it is supposed to do. A high

level of software verification is the attempt to

prove programs "correct."

SPACE STATION

Collection of physical structures in space, to as-

sist in performing work in space, possibly to per-

mit habitation of space by man and to establish a

work environment there. A totality of manned and

unmanned Earth-orbltlng interdependent elements.

SRS (SELF-REPLICATING SYSTEM)

A system capable of complete manufacture of a

pbysical copy of the original system, by the

original system.
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ST (SPACE TELESCOPE)

ST_ (SPACE TRANSPORTATION SYSTEM)

The space shuttle.

SUPPORT

Ground- or space-based operations and equipment

which interact with and assist the space station.

SYNTAX

The form- or rule-specified pattern of a language

statement.

TASK DOMAINS

Application areas for knowledge systems such as

analysis of oil well drilling problems or identi-

fication of computer system failures.

TELEFACTOR (see TELEOPERATOR)

TELEOPERATION

Remote electronic control of electromechanieal

systems.

TELEOPERATOR

Remote-controlled master-slave manipulator (tele-

factor) or tool, permitting the separation of the

source of control and the effectors of action;

remote operation. A mechanical device for fol-

lowing, displaying, or amplifying the motions of

the human body (hands, legs, head) to perform some

useful task.

TELEPRESENCE

Teleoperation with maximum sensory feedback to the

operator, providing a feeling of "being there"

thus allowing greater precision and reliability in

performance; remote presence.

THEOREM-PROVING PROGRAM

A theorem-provlng program takes an assertion (the

theorem) and verifies that it is true under all

possible conditions. For example, if the asser-

tion is a mathematical equation including

variables, the program verifies the truth of the

equation for all possible values of the variables.

The assertion is input into the program as a set

of specific if-then statements (this is called

FIRST-ORDER LOGIC). The program first negates the

assertion, i.e., it considers the opposite of what

is to be proved. The intent is to prove that this

opposite is false, and therefore the assertion

must be true. Having formed the negation, the

program examines it according to "rules of

inference", which are logical statements (e.g.,

If-then and if-and-only-if statements) which are

guaranteed to be true. These rules of inference

are used to break up the negation of the assertion

into a series of simpler statements (called

"interpretations"), reducing the negation's if-

then statements into a collection of "and" and

"or" statements. These are then systematically

checked by the program, looking for contradicti-

ons. If contradictions occur in all the cases,

using all the rules of inference that the program

knows, then it concludes that the negation of the

assertion is false. Therefore the assertion is

true, and the theorem is proved.

TMS (TELEOPERATOR MANEUVERING SYSTEM)

USER-FRIENDLY

Simple enough for a human being to use, when the

user knows little or nothing about software or

other low-level system functional details. De-

scribes methods and technologies that make it

easier for people to use a machine. Within the

context of computers, it usually implies that

interaction with the computer is in a natural or

pseudo-natural language.

VISION

The process of acquiring meaningful knowledge from

images. In the sense of computer vision, the

automatic transformation of optical data into

higher-level representations such as shape,

texture, geometric and relational models.

VLSI (VERY LARGE SYSTEM INTEGRATION)

Electronic mlcroehips with self-contalned pro-

cessor, memory, and I/O.

WALDO

An anthropomorphic teleoperator providing physical

magnification of human capabilities.

WFC (NASA/WALLOPS FLIGHT CENTER)

WORKLOAD

In general, a performance level, whether physical

or information processing, required during a fixed

time interval. There is no universally accepted

definition or metric of mental workload, a

theoretical concept closely related to operator

stress and effort, the combination of occupational

demands placed on the human operator which

requires some action. Operational definitions

based on behavioral and physiological workload

measures have been more frequently used.

WORLD MODEL

An information structure built up in the memory of

a computer or robot, based on both initialization

and heuristic interaction with the environment. A

knowledge representation of a particular subject

domain that may be used to draw logical inferenc-

es.

ZERO-G (see MICROGRAVITY)
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